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; FLOW RESISTANCE IN SIMULATED IRRIGATION
,

BORDERS AND FURROWS
By E. G..KRU.SE, Soil and Watl'T Conserl,ation Research Division, Agricultural Research Sermce; C. W. HUNTLEY, Agricultural

Englneer~ng Department, Colorado Agricultural Experiment Station,' and A. R. ROBINSON, Soil and Water Conservation
Research Division, Agricultural Research Service

, INTRODUCTION

The efficient application and distribution of flow. Results of the specific-use type of tests
water by irrigi},tion furrows or borders is highly cannot be generalized to include conduits of other
dependent on the rate of advance of water in these sizes or other boundary roughnesses. The fun-
channels. The rate of advance is governed by the damental studies have been conducted for the
intake rate of the soil, the resistance offered by most part, on artificially devised rough~ess, with
the c~l1nnels to the flow of water, and the discharge roughness elements of uniform size, shape, and
rate illtO the channels. A knowledge of these spacing. The effect of the roughness on resistance
fac~ors is essential for the design of efficient irri- is often expressed in terms of the equivalent sand-
gatlon systems. Intake rate has been the object grain size, by using the rough boundary equation
of much study and methods are available for its of Nikuradse (12).1 However, it has not yet been
measurement before the construction of irrigation possible to find a general relation between the
systems. Previous flow resistance studies have dimensions of the roughness (even uniform rough-
dealt ~th either artificially roughened boundaries, ness) and the equivalent sand grain size.

.] cond~lts intended for uses other than irrigation, It is currently necessary to make trial resistance
I, or dIscharges much greater than are likely to measurements on every type of conduit before the

OCCu! in small irrigation channels. Results of resistance of that conduit to flow can be accurately
I studIes of flow resistance are not available for the known. In the installation of irrigation systems

types of roughness, sizes of channels, and dis- it is often impractical to base design on trial re-
~hf!'fge.s that ar~ likely to be encountered in surface sistance measurements. A procedure is needed
IrrIgatIon systems. Discharge can be regulated whereby resistance in irrigation channels can be

I to correspond to other design conditions. estimated while the system is being designed in
. .cha:nnel boundaries and flo,,! conditions in order t~at changes will not be necessary after the
l~nga~lon furrows and borders dIffer from condi- system IS constructed.
tl?nS ill most other open channels in: several ways. The study reported in this bulletin was con-
DIscharges carried by furrows and borders are ducted to determine the resistance to flow in
small, possibly in the laminar flow range in some channels similar to irrigation furrows and borders.
cases. Boundary roughness is relatively great; Channels having soil boundaries with different
at the lowest rates of flow, height of roughness degrees of roughness were constructed in the lab-
may be of the same order of magnitude as flow oratory: The relationships discovered between
depth. Size, shape, and spacing of the roughness flow resistance and boundary roughness param-
elements are not uniform. Under field conditions eters, after field verification, Will provide a method
~rrigation flows are further complicated by chan~e~ .of .estil;llating flow resistance for design of surfacE'

f ill boundary roughness and channel cross sectIon Im~atlon systems.
with time and distance because of erosion. The specific objectives of the study were:

Resistance to flow in irrigation channels may 1. To 4etermine if bo.th .lal;llinf!'f and turbulen t-
be caused by several factors. In earth channels flow are likely to occur ill lfngatlon systems and,
the boundary roughness is the primary cause of if so, under what conditions of discharge, tempera-

1 flow resistance. In vegetated channels, plant ture, slope, roughness, etc., each type of flow
stems and leaves may have a greater effect on occurs.
flow r-etardance than the soil roughness. The 2. To investi~ate the effects of boundary
cross-sectional shape and alinement of channels roughness on resIstance to flow in channell' wit}.
may also affec~ resistance. . roughness elements.fo!me.d of soil, and tllul' Kilfli.

Many preVIOUS flow resIstance studies have lar ill roughness to lfflgatlon furrows and borden-.
involved measurements of energy losses in con- 3. To determine the effect of channel SIIILpf1 011
duits intended for a specific use. Others have flow resistance, within the range of shapCtl (:lln,..
been attempts to determine the fundamental acteristic of irrigation furrows and borderl'.
relationships between .boundary roughn.ess, chan- 1 Italic numbers in parentheses refer to },itt,rnl.llff
nel shape, channel ahnement, and resIstance to Cited, p. 41.
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The results of this study will provide the ad- Methods are being developed concurrently (21)
ditional knowledge necessary for predicting the for determining the surface profile of an advancing
rate of advance of irri~ation streams, which in water stream when resistance to flow is known.
turn will permit the desIgn of systems with maxi- The volume of water in surface storage in the
mum water application efficiency. The specific stream can be calculated if the water surface
contribution of the study is to develop the relations profile is known. Rate of advance is determined
necessary for predicting resistance to flow in by equating the volume of water delivered to the
irrigation borders and furrows without trial re- channel to the volume infiltrated plus the volume
sistanceruns. in surface storage (4, 6, 19).

REVIEW OF LITERATURE

Flow Resistance FormuJas or Darcy-Weisbach:

Numerous studies have been made of resistance j-~ (4)
to open channel flow. Both laminar and turbulent
flow have been investigated. Most laboratory where:
studies have considered only the effects of artI- . ..
ficial rou~hness elements, uniform in size, shape, R!s the hyd:aul!c radIUs, .
and spacmg. The work most pertinent to the g IS the gravItatIonal acceleratIon, and
present study will be reviewed in this section. n, 0, andj are the resistance coefficients in the

Resistance equations have a different form for different equations.
laminar and turbulent flow. In laminar flow over
smooth boundaries the velocity is proportional to The resistance coefficients can be related to each
slope to the first power and to depth to the second other and to the mean flow ratio as follows:
power. Definitive equations have not been de-
veloped for laminar flows over rough boundaries. V {8 Rl/6
In turbulent flow, velocity is proportional to y=O/..f9=-yy=I.486:;i:;;g (5)
depth and slope to other powers. *.

. A th~oretical equation for uniform laminar flow where'V' th h l't IRSm a wIde, smooth, rectangular channel was de- . * IS e sear ve OCI y-vg .
rived by Cornish (3). It can be written: 2

Laminar Flow

V=rf!! (1) The relationship between the Darcy-Weisbach
IA friction factor and the Reynolds number for

where: smooth boundaries-/=24/Re-can be obtained
V is the mean flow velocit by ~ombining equatIons 1 and 4. Several in-

. .. .y, vestlgators (15, 20,23), have plottedj agamst Re
'Y ~s the UnIt weIght of fluId, for laminar flows over rough boundaries and
d IS the depth of flow, found that the relationship is different from that
S is the slope of the energy line, and oyer smooth boundari~. The j-versus-Re line for
IA is the absolute viscosity of the fluid rough boundaries falls parallel to and above the. .. ., . line for flows over smooth boundaries, indicating

ThIs relatIonshIp has been verIfied experImentally greater flow resistance.
(1, 3, ~ 3).. . A criterion for pipe flow has been presen.ted that

ResIsta~ce to unIform tur~ulent flow m open specifies the height of roughness that will cause
c.hannels IS oft~n expressed m terms of the re- flow resistance greater than that caused by smooth
sistan.ce coefficIent from one of the following boundaries (5). The criterion is based on the
equatIons: assumption that flow separation occurs when the

. Reynolds number at the tip of the roughness
Mannmg: element (tip Reynolds number) reaches some

R2/3S1/2 critical value and that the eddies caused by
V=I.486 n (2) separation increase the flow resistance but do not

Chezy. spread throughout the flow to cause general
. v-o-JRS (3) turbulence. The c,riterion also assumes that flow

- velocities have the same distribution as for smooth

2 A list of all svrnbols used in this bulletin can be found boundaries and are not affected by the presence of
on p. 42. . the roughness elements. The height of roughness
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) necessary for s.epara.tion to occur in pipes, based on k.>6~', for a rough boundary,
~ these assumptIons, IS: ~'

r Rel,'2 k.< 4' for a smooth boundary, ande E=~ -R (6)"V2 e ,
~ ! where: 6~'>k.>~' for a transitional boundary, (8)

,e, r is the pipe radius,
h k . h d. f h . al de R . h R Id b f h fl d were, IS t e lameter 0 t e equlv ent san

e IS t e eyno s num er 0 t e ow, an grain roughness.
Re!:. is a critical value of Reynolds number at Keulegan (10) integrated the Prandtl-von

the tip of the roughness element. Karman universal velocity distribution law over
the cross sections of open channels of several

. Transition From laminar to Turbulent Flow shapes. He considered the effects bf channel
shape and free surface, as well as the boundary

:) Several investigators have studied the tran- conditions, on flo,:" resistance. The following are
sition from laminar to turbulent flow in open Keulegan's equatIons:. channels with smooth boundaries (1, 7, 9, 14). .

The range of critical Reynolds numbers varies For rough boundanes-
from 300 to 1,400. The critical Reynolds number
is apparently affected by the amount of initial (1+;) ~=a _.!+~ log !i+£?: (9)e disturbance in the flowing streams. V * T KKk K

For rough boundaries, the critical Reynolds .
number may be defined as that for which the For wavy boundarles-

h Darcy- Weisbach resistance coefficiellt ceases to ,
be inversely proportional to the first power of the (1 +E) I-=aID-.!+~ log ~+:k (10)
Reynolds number. This critical Reynolds num- V * K K V
ber is generally lower than that for smooth

i) boundaries and has been found by different And for smooth boundaries-
investigators (15, 20, 23) to be a function of
roughness height, channel slol?e, s~ap~, etc. (I+E) £=a _.!+~ 10 ~+£?: (11)
Parsons (15) presents the followmg crltenon for V,. ' K K g V K

critical Reynolds number for an earth channel
with random roughness: where E represents the effect of channel shape on

h 7 5 distribution of boundary shear, .8 represents the
Re =~ (7) effect of channel shape on the flow-area-to-d . 82 velocity-distribution relationship, v represents

kinematic viscosity, and K is the universal tur-
~- At a slope of 0.001 the critical Reynolds number bulence constant. The symbols aT, aID, and a.,
.e has a value of 750. Woo and Brater (23) found are hydraulic characteristics of the boundaries;
~ critical Reynolds numbers of 400 for rough aID depends on the ratio of height to spacing of the. boundary conditions. boundary roughness elements; a, is a constant;
.r aT is probably a function of roughness spacing.
Ie J Turbulent Flow Keulegan suggested that the boundary condi-
g . b d . db 1 . f V 2,30

Th d ' f N ' k d ( 3) h h tlons can e etermme yap ottmg 0 u--
.t e stu Ies 0 Iura se 12, 1 s ow t at Y* K

Ie the theoretical logarithmic resistance .formulas 10 R a ainst log~, For smooth and wavy
h j of Prandtl and von Karman are applIcable to g g v

e i turbulent flow. The studies also show that boundaries, such a plotting of data would describe
e -. resistance to tur~ule~t fl~w depends on boundary an inclined straight line having the equation:
IS ' roughness and fluId VISCOSIty, For smooth bound-
e I aries, flow resistance is a function of fluid viscosity. V 2.30 Rll:

y ! For rough boundaries, the relative roughness has v=-;- log ~+A (12)
It ! the primary effec~ upon flow resistance, Inter- *

Ll ; ~edla~e cases exls~ where both roughness and Tfhe theoretical value of A for very wide, smooth
w i V~S~OSIt;y affect r,eslstance. The .boundary con- channels is 3,0. Using the experimental data of
h ' dltlon IS determmed by the thIckness of the Bazin (2) Keulegan found values of A equal to
.f ! laminar sublayer, ~', relative to the roughness -1.3 and' -3.0 for different degrees of waviness.
IS height. Nikuradse (13) found: For rough boundaries, resistance is independent
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of viscosity. An equation of the following form Many other studies have resulted in simillir
results: logarithmic-type formulas. Investigators have 111.1

V 2.30 I R +B ( 13 ) agreed on the proper value of" for these 10garit.11
v= -;- og mic formulas. From Nikuradse's studies it WII.'

* assumed that" is a universal constant with tll"

where, for Bazin's data, B is a function of the value OAO. However, later studies have indicat('(!
height of the. roughness. values in the rang~ of 0.36 and 0.3~. The apparelll

Using Bazm's data, Keulegan was also able to value of" determIned from experImental data call
derive the following criterion for distinguishing vary with the shape of the channel and accordin~
between wavy and rough boundaries: to the way that the depth of flow is measured.

~>42.2 for a rough boundary, and Bed Elevation
JI

Previous investigators have measured depth of
~< 42.2 for a wavy boundary, (14) flow to different datums relative to the mean bed

JI elevation. In studies of artificial roughness, the
. . f . I rou f hness elements are usually fastened to a plane

wh~re k. IS the dIameter 0 the eqUlva ent sand wal that becomes the natural datum for depth

gram roughness. . measurements. However, for some studies (18,

Sa.yre and Albertson (17) studIed the et:rects of 22), other datums have been chosen. A datum

spac.mg of baffle plate roughness on flow resIstance. nearer the tops of the roughness elements is often
TheIr resIstanc~ measurements can be represented used when the elements occupy a large volume
by the formula. (i.e., are densely spaced). Sayre and Albertson

Q=6.0610g ~ (15) (17). found I;l° depth correctio.n neces~ary and
..[ij X attrIbuted thIs to the small spaCIng densIty of the

where: roughness elements used in their studies. They
. .. concluded that the roughness elements did not

d IS the normal flow depth In a wIde rec- greatly inhibit flow turbulence near the bed.
~angul~ channel, .. Schlichting (18) used a datum such that the volume

X IS a resIstance parameter WIth a dIfferent occupied by roughness above the datum was equal
value for each boundary, and to the volume open to flow below the datum.

0 is the resistance coefficient from Chezv'sformula. .
Ch I Ganne eometry

The significance of X can be better understood
by comparing equation 15 with equation 9 of Several studies (2, 10, 11,16,20) have been made
K I If. al t 2.30 I A d .B 1 to determine the effect of channel cross section oneu egan. aT IS equ 0 7 og , an - resistance. Most of these studies (2, 10, 11, 16)
is eq~al to 2.30 log B, and if E is assumed negligible have found tha~ the .use of hydraulic radius to
(as Keulegan found) equation 9 becomes: represent the dImensIons of Irregularly shaped, channels is sufficient to allow for the effect of

I-= ~ log ~ .shape on resistance.
V * K k/AB The studies of Keulegan, already discussed,

or, say: indicated that the effect of nonuniform boundary
0 _2.30 I R ( 16 ) shear on flow resistance was negligible an~ that

~-7 og X the shape effect represente~ by B (equatIon 9)

could be accounted for by use of a small, constant
This equation is identical to equation 19 if K is value for this term. Powell (16) found that the

given the value 0.38 and it is assumed that d can error involved in neglecting channel shape effect
be replaced by R for channels that are not infinitely did not exceed 5 percent. Straub and coworkers
wide. Therefore, X represents effects of roughness (20) found that channel shape had some effect on
height and spacing and also the effects of channel resistance in rough channels, but a lesser effect in
shape. smooth channels.
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r REQUIREMENTS IF FLOW RESISTANCE STUDIES ARE TO BE APPLICABLE TO SURFACE
t IRRIGATION DESIGN

S The boundaries of irrigation ehannels are rougher Previous studies of flow resistance have shown
j than those of most commercial conduits. Hence, that it is difficult to relate the effective dimensions

the results of previous research on smooth bound- of natural or artificial roughness elements to at aries are not generally applicable to the study roughness standard without the use of trial resist-
[} presented in this bulletin. For the laminar flow ance runs. The relationship between the dimen-
~ range, boundary roughness affects both the resist- sions of the roughness elements and the resistance

ance to flow and the transition to turbulence. to flow can be applied directly to field conditions
Both of these effects need to be studied over a With the least difficulty if the roughness con-
boundary roughness similar to that of irrigation structed in the laboratory is as similar as possible
channels. to natural soil roughness.

,f Most fundamen.tal studies of turbulent .flow have It is apparent from past investigations that the
d considered artificIally roughened conduIts where resistance coefficients of uniform flow formulas
e ~ll ro.ughn.ess elemen~ on a given boundary h~ve such as Manning's or Chezy's are not constant for
e Ide.ntIcal SIze and spaCIng. Eve!! whe~ consIdenng a given channel, but vary with the depth of flow.
h unIform boundary roughness, Inve;stIgat?rs h.ave Therefore, study of these coefficients should
1, not agreed ?n the roughness d!mens~on, I.e., involve the full range of flow conditions likel;y to
II height or spaCIng, that exerts the prIm.ary In~uence be encountered in practical applications, especIally
II on flow resistance, although most InVestIgators low depths of flow such as occur in irrigation
e consider roughness height to have the greater channels.
d effect. Variations in spacing of roug~ness el.e- The effects of channel shape on flow resistance

ments, fo.r ~oug~ness of a. constant heIght( will are less important than the effects of boundary
e cause varIatIons In flow resIstance. In studIes of .

IY flow resistance, the roughness height and longi- roughness. However, the ~agmtude of channe
It tudinal spacing should both be measured as the shap~ ~ffects seems to vary WIth flow and ~oundary
t. variables most likely to affect flow resistance. condItIons. Shape effects should be studIed under
e Transverse spacing and shape of the roughness conditions of low flow rates and very rough
LI elements should have a lesser effect on resistance. boundaries.

EQUIPMENT AND PROCEDURES

It would be difficult to control and measure the large sump. Rails on the flume walls provided a
e variables necessary to evaluate flow resistance in datum from which channels could be constructed
n small irrigation channels with sufficient precision and experimental measurements taken. Figure 1
') in the field. For the experiments descrIbed and is a sketch of the flume and two types of channel
0 evaluated in this bulletin, flow resistance in small used.
d channels was s~udied in th~ hydraulics laboratory. Three pumps-3 inches, 4 inches, and 8 inches
If ~lo,:" boundarIes c~e~ted. In the laboratory were in size-were used to supply water to the soil

sImilar to those of Irngatlon. borders and furrows; channels at steady rates, ranging from 0.01 to
l, h.ence, .the relatIO;n o~ resIstance to rough.ness 1.1 c.f.s. Higher rates of discharge sometimes
Y dImensIons found In thIS study should find dIrect caused erosion of the channel boundaries and for,t . application in the field. this reason, were not used. '

I) For the first group of tests, channels were built
t Channel Construction with a rectangular cross section, to correspond to
e . the cross section of irrigation borders. The width
t A wooden flume, 4 feet wide, 60 feet long, and of the channels was limited to 1.88 feet. Parallel
S with an adjustable slope, was used to support the sheets of masonite formed the side walls of the
n flow channels used in this study. A supporting rectangular channels. The floor of the channel,
n structure constructed inside the flume contained hereafter called the bed, was composed of a soil-

the soil-like material used for the experimental like material from which different roughnesses
channels. This structure extended the full 60-foot could be formed. A polyethylene sheet inserted
length of the flume. The flume channels emptied beneath this soil-like material prevented seepage
into a weir box where discharge could be measured from the channel. For most of the soil roughnesses
by a calibrated, 90°, V-notch weir; to measure formed, the side walls were much smoother than
small flows, the discharge over a timed interval the channel bed. Figures 25 to 35 in the appendix
was caught and weighed. The headbox of the show the rectangular channels constructed; the
flume was supplied with water by pump from a identifying letters in the legends for these figures

I



-.-

6 CONSE,RVATION RESEARCH REPORT 3, U.S. DEPT. OF AGRICULTURE

..c::.
U

)(-
OO~.c C.-

Q) I ..c- Q) .-= >~ +-

+- 0 -
°°t- 0+- 0' .
tn- C\J
:J .- "Q;

0~+- ~ C
~ C

\.. //,~ ~.
U .

.- !S- = -
0 S
.c .~

0 t'
~ U) P-O ~

0 a.. ~ ~

1 w ~- '"

1 Q) > .~

E .!!2 ~
Q) :J .- S
0' - 0

Q)O lJ.. ~ -.J '0
:DO' « :;0- Z »1>c ='
0.0 0 ~
~a. ~ - §

~I W t-- ~- u ...
0. > w '"

;:: U) ~
~

0 I 0

<.D -.J _.!!2 U) ;
« ~o U) ~
z c~ 0 S- .OQ) Ct: ='
'""' ..c::. ~
L-' <.)~ U I -
::> U> - ...t-- Q) ~- § ~
<.9 10 0 ~

~ ..c::. ~

I z ~ <.)0 -
a>-.J a> .... 0- -
t ~

0
+-
U'" 0 Q)

)( ""-- a::
0
.c
"0
0
Q)
:I:





8 CONSERVATION RESEARCH REPORT 3, U.S. DEPT. OF AGRICULTURE

0
0
Q

8
L!)

Ii
aJ
C)

=

~
='

e
t'
0\

'0
=
='
0

.D

0 'i
0 a- 0\

.c- co
cn ~
c oS
0 8
... ..

(.) .£
0'- ..

L!)E.£- '0

~
Q) -
N o~0- ..
(/) .s

0\
8
C)

Q) ~
"'(j ~.- 0- aJ

... ...

~ ~
0

:3
='

0 :9
- ..

...
aJ

:a
~

.~

C)

'0;'
:3

L!) ..

~
I

c-i
~
=
p
~,

L!) 0 0 0 0 0 0 0 0 0 L!) N
0'> 0'> (%)""" CD L!) .q- rt) N -

JaU!.:i ~ua~Jed



I
;

!
I
i . FLOW RESISTANCE IN SIMULATED IRRIGATIO~ BORDERS AND FURROWS 9

I elevatIon were .taken every 5 feet between sta- A dlfferen~ p,rocedure was used to calcula~e
; tion 10 and statIon 55.) standard deVIatIon from casts of the parabolIc
; Slight variations .in the rough~ess ?f. s°l!1e sec- channels. Bt;'cause readin~ we;re not referenced

tions caused unavoIdable nonumformltles rn flow to bed elevatIons, a regressIon lIne was first com-
depth for some channels. For instance, the water puted throu~h the elevations read from the casts.
depths in one channel. were slightly l?wer in the This regressIon line was assumed to be parallel.to
middle of the test sectIon than at statIons further the slope of the channel. The standard devla-
upstream or downstream. .In such cases the t!on o~ elevation measurements about this regres-
mean water surface was adJusted to the same Sion lrne was then calculated by the formula:
elevation at the two ends of the channel by
changing the tailgate setting. /2:(Yt-a+bxJ2

The water surface elevation was measured. to O'=-y n-2 (19)
the nearest 0.001 foot at every 5-foot statIon. along the channel. When the water surface was where:
rough, three readings of water surface elevation b-2:xy-2:x2:y/nwere taken across the channel and averaged for - 2:x2_(2:x)2/n

. each station,
After a series of runs at one slope, the flume was a=y-bx

set at a different slope by means of the adjustable
screw jacks' that supported it. For most channels, Xt is the distance from some datum at which
runs were made at slopes of 0.005, 0.001 and the elevation Yt is measured.
0.0005. Slopes of 0.0001 and 0.0003 were included
for some channels. At slopes of 0.0005 or less, Standard deviations were computed for casts from
rail elevations were estimated to the nearest 0.0001 both the sides and bottom of the channels and the
foot in order to set the slope as precisely as results averaged. The significance of 0' is indicated
possible. At a slope of 0.0001 there was only a diagrammatically in figure 3.
0.006-foot drop in elevation between the upstream Considerable variation existed in values of 0' from
and downstream ends of the channel, making it different casts for the same channel boundary.
extremely difficult to be sure when flow was In extreme cases the value of 0' for a given cast
uniform. . was as much as twice as great as the mean value

After the last run for each boundary, SIX plaster for the channel. No consistent variation was
casts, each. 1 foot long and about 0.2 foot. ~de, evident in values of 0' measured on the sides or
were made rn order to be able to make addItIonal in the bottoms of parabolic channels.
roughness measurements, if necessary, after the Measurements of the longitudinal roughness
boundary was changed. The locatIon of each spacing were made only on the rectangular chan-
cast was chosen at random along the test reach nels. Spacing was defined and measured in two
of the chan~el. Th.e long ~ime~sions of the ways. Both measurements were taken along. a
casts were a~Igned WIth t~e d~ectlon ?f flow so line parallel to the direction of flow. To obtam
that both heIght and 10.ngItudrnal spacmg of the the first spacing measure, >.v, the number of
roughness could be obtamed from them. roughness elements that projected more than 10'

Because of the random nature of the roughness, above the mean bed elevation was counted and
a. statistical representation of roughness dimen- the average spacing computed. The second spac-
Sions was necessary. The measure used for ing measure h" was obtained by counting all

- roughness height was the st!tndard deviation the roughne~s eiement crests along a length of
of evenly spaced surfac,e elevatI?n measurements boundary and determining the average spacing.
about the mean elevatIon. ThIs was computed Results obtained from this procedure depend to
for. the rectangular channels by use of the fol- some extent on the judgment of the person making
loWIng formula: the measurement. Both spacing values were

- I~~ (18) obtained from measureme~ts .along 6 linear feet
O'--y n-l of each boundary. The sIgnIficance of the two

where: measurements of longitudinal spacing can be
. . . seen in figure 3.

0' I~ the st~nd.ar.d deVIatIon, . No procedlIre was available for evaluating the
Yt IS the rndlvldual bed elevatIon measure- rugosity of the individual roughness elements.

.ment, . Rugosity did vary over a wide range, being repre-
y I.S the mean bed elevatlo~., sented at one extreme by a cloddy-type roughness
n IS the number of elevatIon measurements. that was stabilized in the same condition in which

The values of 0' could be calculated directly from it was formed by a tillage tool. At the other
measurements of the casts for rectangular extreme were the roughnesses that had been
channels because the cast measurements were smoothed and rounded by low-velocity flows of
referenced to the true bed elevations. water.

!

I
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>"0-
mean bed elevation

6 ROUGHNESS HEIGHT: STANDARD DEVIATION OF '\0' AVERAGE LONGITUDINAL SPACING OF
EVENLY SPACED SURFACE ELEVATION MEASURE- ROUGHNESS ELEMENTS PROJECTING MORE THAN1u
MENTSABOUT THE MEAN ELEVATION. ABOVE THE MEAN BED ELEVATION.

>'P AVERAGE LONGITUDINAL SPACING OF ALL ROUGHNESS-ELEMENT CRESTS.

FIGURE 3.-Diagrammatic representation of measured roughness dimensions.

RESULTS
The experimental data obtained are given in In figures 4 to 9, coefficient of friction is plotted

tables 8, 9, 10, and 11 in the appendix. For against Reynolds number, for six rectangular
channels where the mean bed elevations were channels with some runs at Reynolds numbers in
different at different stations, it was difficult to the 30 to 1,000 range (channels D, E, I, K, L;
determine when flow was uniform. To determine M). The curves for the data for five of these
whether any runs were nonuniform, mean depth channels (D, E, I, K, M) lie above the theoretical
of flow was plotted against discharge for all turbu- straight line for laminar flows over smooth
lent runs in the rectangular channels. For furrows boundaries. Data for each channel slope is repre-
the hydraulic radius was plotted against discharge. sented by a different straight line for Reynolds
A well defined relationship existed between Q numbers less than 500. For these five channels
(total discharge) and d or R. The relationship the resistance to flow was ap~arently increased by
was represented by a different line for each channel the boundary roughness. The data for bed L
slope. The lines for all slopes were parallel. (fig. 8) and for the lowest slope of bed K (fig. 7)
If It was assumed that the lines relating discharge indicate that resistance for these runs was the same
to depth represented data for uniform flows, devia- as for theoretically smooth channels. Although
tions of individual points from the lines could be bed L functioned as a smooth bed, it was not a
attributed to nonuniform flow or other errors true plane. The boundary had a very-fine-sand-
in taking the data. Data that varied by more grain roughness and a slight waviness.
than 5 percent from the lines were considered to The lines defined by the data for low Reynolds
be of questionable value and are not included in numbers have a slope of 450 and are parallel to
the following analysis. the theoretical line (solid line) for smooth bound-

ai'ies, indicating that the flows were similar to
laminar Flow true laminar flows.

A plotting of the Darcy-Weisbach resistance co- C .t 'c I R L He.gL tffi . f . R ld b . f d r, , a ougnness , n
e cIent, , agamst eyno s num er IS 0 ten use
to illus~rate resi~tance characteristics of the vari- On the basis of the assumptions used by
ous regIlnes ofl IPe flow. The same type of data Goldstein (5) a criterion can be developed for the
can be plotte for open channel flows: If the height of roughness necessary for separation to
Reyn,olds number (Re) for open channels IS defi!led occur in laminar flow in WIde, open channels.
as b.em~ eq~al to RVjll. (where II represents kine- The velocity distribution for two-dimensional
m.atIc VISCOSIty) and. d IS assumed equal to R for laminar flow is given by:
wIde channels, equatIons 1 and 4 can be combined
to yield: 3V ( y2)f=~ (20) v=-;[i yd-z (21)

.. where:
A lme correspondmg to this equation is plotted
on each of figures 4 to 9 and represents the theoreti- v is the velocity at a distance y from the
cal resistance relation for laminar flows over boundary, and
smooth boundaries. d is the depth of flow.
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The velocity at a level equal to the roughness for laminar flow is:
heigh.t k is: > 2.5&1

Vk=3V (k~-~) O"_~ (25)

or if ~ is small' One set of data does not agree with criterion 25.
, d . For a slope of 0.0001, the data indicated bed I

k to be rough. However, tip Reynolds numbers

Vk=3Vd at this slope were all less than 20. Bed I was

composed of sharp-edged angular roughness ele-

Now, the tip Reynolds number is defined as: ments. Apparently, separat!on occurred over

these elements, although the tIp Reynolds number

k was low.
i Rek= V k -

II Resistance Equation

1. =3V ~ It has been shown that the resistance equation

dll for smooth boundaries is not applicable to laminar
d k2 flows over most of the soil roughnesses studied.

=3V - d2 However, the data presentfld in figures 4 to 9 were.

II used to develop an empirical equation. First,(k)2 the data for each channel were combined into
=3Re d (22) a single equation by expressing the intercept of

each parallel straight line in terms of the channel

Let Reke be the value of tip Reynolds number at slope. The resulting equation was:

which separation occurs at the tops of the rough- J- ASO.5 R -Iness elements (critical value). Then the height of - e

roughness necessary for separation to occur in h h .
open channel flow is: were A as a dI~erent value. for each channel.

The channels dIffered only m degree of channel

d
( Reke ) I/2 r.<>ughness. Therefore, 4 was.apparently a func-

k=~ & (23) tI?n of the roughness dImensIons. By repeated
tnals, A was related to the measured roughness

The data collected and the concept of a critical height, ~ongitudin~l sl?acing, roughness density,
tip Reynolds number were used to derive an and .vanous cOmbInations. of these term~. The
expression for the height of roughness necessary to relatIon that best descnbes the expenmental
affect the fl.<>w (to cause. head losses gFeater than . - , ( 0" ) . the theoretIcal for lamrnar flow). Rectangular data IS A-6.0X 10 ~ Therefore, the value

channel L was not rough en°l!gh to cause. head of the resistance coefficient can be predicted by

losses grea.ter than the theoretIcal. The hIghe~t the following equation:

value of tIp Reynolds 'number observed for thIS

channel was 16. Likewise, bed K behaved as a 6 OXI0'SO.5 ( )smooth bed at a slope of 0.0001. Only one tip f= . .!!- (26)
Reynolds number at this slope was greater than.. Re Xp

- 20. With steeper slopes, resistances were greater .
than predicted by the theoretical equation for where 0" represents the rough~ess heIght, measure.d
smooth boundaries. All but one of the tip as s.hown on .page 9, and Xp IS the average longI-

,.. Reynolds numbers for these slopes were greater tudmal. spacIng between roughness crests. A

than 20. Critical values, therefore, were assumed comparIson between measur~d valu~s of f a~d

equal to 20 and were substituted into equation 23 values computed from equatIon 26 IS shown m

to find the critical roughness height, expressed in figure 10:. . . ..
terms of the standard deviation of bed elevation Equa;tIon 26 IS ~ purely empI~cal .reiationship

measurements' expressmg the resIstance coefficIent m terms of. (20)1/2 d the slope of the energy line, a roughness parameter,
0"= - - and the Reynolds number for flows in the laminar

Re {3 range. The equation indicates that as the height

2 58d of roughness is in.creased, bot~ .the ~ist\lrbance to

=-.:-- (24) flow and the resIstance coefficIent mcreaRe. An

.JRe increase in roughness Rpacing decrease~ both tile

number of disturbance~ and the re~i~tanc(1 co(1f-

'rherefore, the height of roughness necessary to ficient. 'rhe effect of ~lope (~an be illllHtrated II':.'

cause head losses greater than the theoretical considering a constant di~charge. At Hmall Hlopcs

I
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FIGURE lO.-Comparison between predicted and measured values of f for low Reynolds number flo\vs in wide,
rectangular channels.

the flow will be deep and low in velocity; the eddies Equation 26 is a desirable one for the computation
formed at the roughness crests will be weak and of resistance coefficient because all variables can
will cause turbulence only throughout a small be determined. The slope is generally pre-
portion of the flow depth. At higher slopes flow determined or can be measured, the roughness
depth will be smaller and velocities greater. The parameter can be computed from measurements
turbulent wakes will occupy a relatively large taken of the boundary, and the Reynolds number
portion of flow depth and resistance will be ac- is merely the unit dIscharge divided by the vis-
cordingly greater. cosity of the water. The computed resistance



""""."'~~i",,"i! ~g5':;

FLOW RESISTANCE IN SIMULATED IRRIGATION BORDERS AND FURROWS 19

coefficient can then be combined with the Darcy- type are applicable to turbulent flows. In this
Weisbach equation, equation 4, and the continuity study, all flows with Reynolds numbers greater
equation (q= Vd) to find the mean velocity of than 500 were analyzed by assuming that logarith-
flow.or depth of flow. The following equation is mic resistance formulas "fere ar Pr?p~ate. Fig-
obtamed for depth of flow: ures 4 to 9 show coefficIent 0 fnction plotted

against Reynolds number for six of these channels.

~7.5XIOSqv 0-
d= g.{S (X;) (27) T urbu/~nc~ Constant

Different investigators have found different
Transition From laminar to Turbulent Flow values for the universal turbulence constant, ".

Values of 0.40 and 0.38 are most commonly

The transition from laminar to turbulent flow proposed. Th,ese values corres~ond. to values
. was studied by observing streams of dye injected for t);ie coefficIent of the loganthmlc te,rm of

into the flow. At the very lowest Reynolds equatIon 20 equal to 5.75 and 6.06, respectIvely.
numbers, no turbulence could be detected. At Values of " can be determined experimentally

. higher Reynolds numbers, wakes and general from either velocity distribution data or mean
instability of laminar flow over the rough bound- flow data. In this study, since no valid velocity
aries began in a region close to the roughness profiles could be obtained, it was necessary to
elements. Dye streams were straight near the estimate" values from the mean flow data.
surface but undulating and beginning to break up Values of " determined in this WBtY varied from
near the bottom. At still higher Reynolds num- one channel to the next. All but one value were
bers, turbulence was observed throughout the smaller than 0.40, the constant found by Nik-
entire flow depth. The critical Reynolds number uradse. Apparent values of " as determined
for laminar flow over rough boundaries was be- from mean flow data can differ for two reasons-
tween 400 and 500 for the range of slopes and nonuniform boundary shear or inconsistent meas-
roughnesses studied. The critical R~ynolds num- urement of flow depth. If boundary shear is not
ber for laminar flow over a smooth boundary was uniformly distributed, the value of E in equation
greater than 500 and as high as 766, 9 will differ from zero and the apparent value of

The value of the critical Reynolds number was" will differ from the true value by the factor
also determined from the point at which the plot 1 + E. Keulegan (10), from examinations of
of the experimental data diverged from the theo- Bazin's data, found the effects represented by
retical45° line in figures 4 to 9. For channels with E to be negligible. Powell (16), however, found
rough boundaries (channels D, E, I, K, and M) E values varying from -0.137 to -0.221, for
the transition from laminar to turbulent flow as different channel shapes. If the assumption made
indicated by these plots occurred at Reynolds for rectangular channels in this study is valid,
numbers of 400 to 500. For a smoother boundary i.e., flow is unaffected by the side walls, the value
(channel L, the troweled soil surface), the tranSI- of E should be zero.
tion occurre~ at a Reynolds n';lmber of 700. These Values of " were determined in this study by
results ~re m agreement WIth the dye stream plotting O/-{g, resistance coefficient, against o-/R,
observatIon.s. . . . a measure of the relative roughness (figs. 11 to 20).

.observatIon.s of cntical Reynold~ number ill The data for nine of the rectangular channels and
thIS study are m general agree~ent WIth th.e vall!es all of 'the parabolic channels plot as straight lines

.. repo;rted ~~r rough boundan~s by preVIOUS m- on the semilo graph paper. They can therefore
vestigators. Jeffreys (9), 310, Hopf (7), 300 to be represente~by an equation of the form:

) 330; and Allen (1), 300. For the smQoth boundary
used in this study, the critical Reynolds number 0 2 30 0-

J, was above 700. Horton. .and coworkers (8) ~=A-~logR (28)
observed lamlnar flow condItIons up to a Reynolds 'V 9 "

number of 548 and Owen (14) observed the same. . .
up to a Reynolds number of 1,000. This equatIon has the. same form as equatIon. 9,

the theoretical equatIon for rough-boundaned
n Turbulent Flow open channels. .
n The value of 2.30/", the coefficIent of the loga-
~ The analysis of critical Reynolds number has rithmic term in equation 28, ranges from 5.13 to
.s shown that flows in the type of boundaries likely 11.95 for the different channels. Values for all
R to be encountered in irrigation channels are in a but one boundary are larger than the most com-
:~ transitional or turbulent state at Reynolds num- monly accepted value of 5.75. The bou~dary
: berd greater than 500. Previous studies have with the small value of 2.30/" (channel H) IS one; shown that resistance formulas of the logarithmic with a relatively small value of 0-.

[
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II
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0 Channel D
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FIGURE 13,-Relation of resistance coefficient (C/-v'ii) to relative roughness (u/R) for rectangular channel D.
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FIGURE lB.-Relation of resistance coefficient (C/.{g) to relative roughness (0-/ R) for p:trabolic Ch:LIIII(~I" (:, I';, :ul,1 A.
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If it is assumed that the value of K is constant TABLE t.-Depth corrections
and that the corresponding proper value of ~ is

!. . " Channel type and Roughness Depth cor- Relative
eIther 5.75 or 6.06, a depth correctIon can be identifying letter height, IT rection, c 1 depth cor-
f G rection c/IT
ound for each channel such that the plot of.{g -

against li will have the chosen slope. Values of the Rectangular: Feet

230 B 0.0187 0.0083 0.445
correction for ~ equal to 5.75 are given in table 1 D 0118 .00923 .782

K E .0090 .0024 .267
both in absolute amounts and as fractions of the F .0141 .0120 .852
roughness height. There is no simple relation- G .0117 . 0~96 .820

ship between the depth correction and the height r======::::::: gg~: . 0<J10 156 ..

of roughness. K .0054 .0050 .926
N .0198 .0080 .404

V. .t a'R L Eff t Parabolic:
ISCOSI yan ougnness ec s A .0080 .0130 1.62
Figures 11 to 20 indicate that since the resistance B .0013 .0007 .539

f h l . d d 1 C 0029 .0045 1.55
0 most c anne s IS represente a equate y as a D .0030 .0015 .500
function of relative roughness, the boundaries are E .0092 .0236 2.57
hydraulically rough. However, for anyone F - -- - -;;::,,-- ;;;;-;.- -" . 0015 . 0008 . 533

channel, depth increases and relative roughness
~ecreases as discharge increase~. As discharge 1 c is the depth correction necessary to make C/.{g pro-
Increases, Reynolds number also Increases. A re- portional to 5.75 log IT/R, where R is the hydraulic radius
lationship between resistance coefficient and based on the corrected depth.Reynolds number could therefore be confused with 2 Negative value.

a relationship between resistance coefficient and
relative roughness. A more positive method of 2.30determining the type of flow resistance occurring 23). A value of - equal to 6.06 was used because
. K

IS necessary. this value approached more nearly the values
Keulegan (10) plotted ~-~~ log R against found for the experimental channels in figures 11

V. K to 20 than the more commonly accepted 5.75.
log~. For channels with rough boundaries The boundaries are rough for all but one of the

II ' channels, as indicated by the independence of

flow resistance was independent of viscosity and V 1 V. V 2.30 .. --6.06 og R and the log - term. Much of
--- log R was a constant. VISCOSIty effects V. II
V. K ., the scatter of the experimental points about the
were evIdent for hydraulIcally smooth channels mean value of the ordinate for each of these
and the line f?rm,ed by plo~tin.g data from such channels is due to the difference between 6.06
channels was InclIned. ThIS lIne can be repre- 2 30sented by the equation: and the best-fit value of ~ for the channel.

. K

V 2.30 2.30 V. The data for rectangular channel C show a

v:- -;-log R=A +-;--log -;;- functional relationship between jg-6.06 log R
or g

V 2 30 RV and~. This relationship is represented in figure
-=A+~ log --! (29) II

V. K II 21 by a straight line with slope of 6.06. The
intercept of the straight line with the y axis is

as would be expected from theory. Keulegan lower than would occur for hydraulically smooth
also found some boundaries which he termed boundaries. The relationshi.p is therefore typical
"wavy." Data for wavy boundaries described of that for wavy boundarIes as presented by
lines parallel to and below the smooth boundary K.eulegan. Data were taken for only one chan:nel
lines indicating a higher resistance for a given WIth. wavy boundarIes; therefore, an expre~sIon

, RV relatIng the constant to the degree of waVIness
value of --!. could not be derived. However, the boundary

II for channel C was smoother than any likely to be
The data for the channels studied were plotted encountered in natural irrigation channels and,

in the form suggested by Keulegan (figs. 21, 22, and in this respect, has no practical importance.
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On the basis of figures 21 to 23, a criterion can TABLE 2.-Ratio oj roughness height (iT) to laminar
be established for distinguishing between rough sublayer thickness (8') jor three rectangular chan-
and wavy boundaries, using standard deviation nets W'ith small roughness height 1
of bed elevation measurements as an estimate of
roughness heig};lt. It is assumed that the thick- Channel C Channel H Channel K
ness of the lammar sublayer, 8', can be defined by
the same formula as is used for pipe flows:

Run ./&' Run ./&' Run ./&'
8'=11.6 f (30) -

* 2-C 0.422 2-H 1.29 4-K 0.530

3-C .500 3-H 1.55 6-K .500

In table 2 values of the ratio of iT to 8' are shown 4-C .545 6-H .565 7-K .601

for the on~ wavy boundary and for the two rou~h 9-C .279 7-H .660 8-K .674
b d . h . th 11 t 1 f 0 10-C .336 8-H .820 9-K .805

oun anes avmg e sma es va ue 0 iT. n y
t 1 f iT d 0 520 f th b d 11-C .403 9-H .983 10-K 1.01wo va ues 0 ""jlexcee. or ewavy oun - 12-C .441 11-H 1.53 16-K 1.85

13-C .553 14-H .468 31-K .690

ary,channeIC. There are two values of';smaller 18-C .178 15-H .570 33-K .855
8 19-C .197 16-H .688

than 0.520.for the rough boundaries, channels H 20-C .221 17-H .856
and K, whIch would be expected to most nearly 23-C .429 18-H 1.05
approach the wavy condition. For these data, 24-C 517 19-H 1.32
the distinguishing criterion for the transition from 20-H 1.51
wavy to rough boundaries would then be:

I The boundary of channel C was wavy. Channels H

;'=0.520 and K had hydraulically rough boundaries.

or combining this equation with equation 30: TABLE 3.-0alculated values oj res~tance. param-
, eter and measured roughness d'l-mens'l-ons jor

V iT rough channels

-!.-=6.03 (31)

p

Channel type and Xl r >..,1 >.,,'

Resistance Parameter identifying letter

The use of an equivalent resistance term (x) to
R t IFFF - Ft k t f 11 f t ff " ec angu ar: eel eel eel eel

I!' e accou~ 0 a ac .ors a ect~ng resIstance ~as B 0.0155 0.0187 0.197 0.141

dIscussed m the RevIew of LIterature sectIon. D ~ .00740 .0118 .375 .099
Such a term can be calculated most easily from E 00166 .0090 .860 .257
equation 16. The equivalent resistance term, x, F 0107 .0141.625.358
m this equation was shown to represent effects of G 00561 .0117 .667 .275

both roughness and channel shape on flow resist- ~---:==========: gg~g~ : gg~: : ~lg --:054

ance. By using equation 16, values of X can be K .00115 .0054 .400 .139
calculated for the channels with rough boundaries N .0100 .0198 .286 .133

from data contained in ?gures 21 to 23. The Parabolic: 5
average value of the ordmate for each channel, A 00525 .0084 0 6061 R' 1 0 1 Val B .000323 .0013 ~-. og , IS equa to -6. 6 og x. ues C 00100 .0029 f lid' h' f h h D .000512 .0030 0 x were ca cu ate m t IS way or eac roug E .00933 .0092 channel. A tabulation of X values is shown in F 000316 .0015 table 3. G .00204 .0044 The values of x may now be related to the

physical characteristics of the channel that affect I Resistance parameter.
resistance. Results of previous research have 2 Roughness heigh~: standard deviation of evenly

indicated that chann e l rough . 11 rt th space~ surface elevation measurements about the mean

. . ness WI exe e elevation.

pnmafY effect on flow resIstance. The methods 1 Average IQngitudinal spacing of roughness elements

used to measure channel roughness have been projecting more than 1 u above the mean bed elevation.
described in the section on Experimental Pro- . Average longitudinal spacing of all roughness element

cedures. . Val';les of the following roughness ~e.as- cr~s~~ measurements of longitudinal roughness spacing

ures are lIsted m table 3: iT, the standard deVIatIon made.
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. TABLE 4.-Differences bet1L'een measured and predicted values Qf the resistance parameter and related
measured roughness-spacing indexes '

Rectangular x, x, Absolute Relative A., }.channel measured predicted difference difference "

Feet Feet Feet Percent
B 0.0155 0.0174 +0.0019 +12.3 0.197 0.141
D .00740 .00813 +.00073 +9.9 .375 .099

) E .00166 .00516 +.00350 +210.0 .860 .257
) F .0107 .0112 +.0005 +4.7 .625 .358
L G .00561 .00812 +.00253 +45.7 .667 .275
~ H .00089 .00058 -.00031 -34.8 .215 ) 1 .00691 .00297 -.00394 -57.0 .240 .054

. K .00115 .00219 +.00104 +99.0 .400 .139
N .0100 .0194 +.0094 +94.0 .286 .133

)
5 . of equally spaced measurements of bed elevations; no relationship between the deviation of the

x.., the average longitudinal spacing of roughnesses individual points from the best-fit line in this plot
that projected more than one standard deviation and the shape of the channels.
(10') above the mean bed elevation; and Ap, the
average longitudinal spacing of all roughness Supporting Data

crA~~~mpts were made to correlate values of x with Parsons (15) measure~ the resistance to turbulent
I measured dimensions of roughness. A correlation flow over a short section of rough. cha~nel. The

existed only between x and 0'; the calculated value channel roughn~ss was forme;d by dtrec~mg a water
of the correlation coefficient is 0.93. The rela- sprafi on a soil-cement mixture, which. formed

- tionship of the resistance parameter, x, to rou~h- sma 1, close~y .spaced craters. T?e resultmg sur-
r ness height, 0', is plotted in figure 24. The fac~ was. similar to that of soil roughened by

regression line re~resenting the relationship of X fallIng ramdrops.
to 0' was determlned by least-squares methods. Data are a,;,ailable for the computation of.x and
The equation of this line is: 0' for two serIes of Parsons' runs. For senes IV

the computed value of x is 0.00138 foot. The
x=12.90'1.66 (32) value of 0', computed from the bed roughness

- measurements, is 0.00490 foot. For series V runs
The spacing of the roughness elements cannot be the corresponding values are: x=0.00160 foot,

~ related directly to the flow resistance parameter, 0'=0.00590 foot. These values of x and 0' are
7 X. However, previous studies (17, 18) have shown plotted on figw;"e 24. Parsons' data are repre-
8 that the flow resistance of conduits with the same sented by equation 32 equally as well as the data
5 roughness height but different spacing differs. from the present study.
4 Therefore, it would be expected that the scatter of
9 the data about the line relating X and 0', figure 24, Prediction Errors
3 might be correlated with the roughness spacing.

Table 4 includes both absolute and percentage Equations 16, 26, and 32 may now be used to
- . deviations of measured X values from those pre- predict flow conditions for natural channels if
- dicted by equation 27, and values of the two measurements of 0' and A for these channels can
- measured roughness-spacing indexes. The rei a- be made.
= ' tions are not we~ enough defined s<? that these When an irrigation system is being designed,
- me,asures of spacmg can be used to Improve the slope is determined by topographic and land form-
- estImate of x. ing limitations, channel shape depends on the crop

Ch I Sl to be grown, and discharge rate may be assumed.
anne nape Effects The problem is then to predict the depth of flow.

f' The value of x theoretically expresses the effects The magnitude of error likely to be encountered
11 of both roughness dimensions and channel shape on in predicting depth of laminar flow over rougl.
s flow resistance (see equation 16). Values of x for boundaries can be determined by reference UI
I. parabolic c.hann~ls with three different shapes are figure 10. Examination of this figure indiclu,(~S
t plotted against 0' in figure 24. In this plot, the that for 66 of the 73 values, tIle err(lr in predi~tinh'
~ shape o~ the r;hannels is represented by use of t~e j (the. Darcy-Weisbaco resiHtll.n(~e c(lefri(~ienj.) II;\'

hydraulIc radIus as a length parameter. There IS equatIon 26 was less toll.n :~O per~ellt.
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FIGURE 24.-Relationship of resistance parameter, x, to roughness height, u.
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The defining equation for j can be written: TABLE 5.-Error in calculating normal flow depth
in rectangular channels

8gdS 8gdBS .j=~=~ AssuJDlng q=0.0060 c.f.s./ft. and 8=0.001
q ,

'fakin
g logarithms of both sides and differentiatin g ' Channel d, meas- d,. pre- Error

. ured dieted

dj 3dd dS 2dq7=7+S-- Feet Feet Percent
q B 0.0508 0.0533 +4. 9

D .0402 .0413 +2.7
Each of the terms in this equation represents the E .0283 .0361 +27.5
relative error in one of the variables. If q and S F .0452 .0457 +1.1

tel k dSIS d d I 1. .bl G .0369 .0412 +11.6
. ard accura y nown, an q q are neg 19I e H .0254 .0238 -6.3

an : 1 .0392 .0318 -18. 9
dd 1 dj K .0266 .0299 +12.4
7=37 N .0443 .0556 +25.2. .

Thus, a 30-percent error in j results in only a Assuming q=0.500 c.f.s./ft. and 8=0.001

10-percent error in d.
The best method found for estimating X was to B .462 .470 +1.7

relate it to a measure of the roughness height, 0", D .412 .417 +1.2
b f t . 32 Th 1 t . ffi E .341 .391 +14. 7

.y means 0 .equa Ion. e qorre a ~on.c°e. - F .434 .436 +0.5
clent determmed for X and 0" was 0.93, mdlcatmg G .396 .416 +5.5
a highly significant relationship. Although other H .318 .306 -3.8
dimensions of roughness affect resistance they 1 :' :'--- .407 .365 -10.3

uld t b d t -1 h t ' b f K .328 .352 +7.3
co .no e measure accur~ wy .enoug ~ eo N ': .429 .478 +11.4

practIcal value. The error m usmg equatIon 32
to estimate X is indicated in figure 24, where the
plotted points represent measured values and the . . .straight line represents estimated values. The parabohc channels IS more d~cult than for rec-
error is quite large for some channels-as much as tangular ch~nnels.' T.he relatIon between area
210 percent for rectangular channel E. However, and ~ydraullc radIUs must be known so that. the
because X appears only in a logarithmic term in ve~oclty can be cal?ulated from the QIA r~latlon-
the flow resistance formula, equation 16, the errors ShIP and the equatIon can be so~ved by tn!11 and
involved in practical applications of the formula error. Values of R were determmed by. thIS pro-
are smaller. cedure for both. smO;iI and large dlscha.rges.

Normal flow depth for very wide channels can Values of hydraulIc radIUs based on bot~ predIcted
be calculated from equation 16 written in the and mea~ured X values are shown m table 6.
form' The maXImum error for these channels was 12.4. percent, at the low rate of discharge. At the

--.!L--6.06 log d= -6.06 log X (16a) higher rate of discharge, the error was reduced,
.{9SdB/2 just as it was in calculating normal flow depth for

rectangular channels.. Some trial calculations of d were made, using both The common method of determining the re-
measured and estimated values of X, so that the sistance of an irrigation channel in the field is to
error in d could be determined. An intermediate estimate Manning's resistance coefficient, n, from
value of slope, 0.001, was assumed for all the cal- visual observation of the roughness, alinement,. culations. Two values of q were assumed-one vegetation, etc.; the estimate is based on the
the lowest for which turbulent flow would occur, designer's experience. The resistance coefficient
and the other near the upper limit of the range of is usually given a single value for each channel and
discharges used in this study. its variation with depth of flow is not considered.

Table 5 lists the errors found in predicted normal The range of values of Manning's n measured for
depth of turbulent flow for two rates of discharge, turbulent flows in each of the rectangular channels
when using the equations developed from this studied is shown m table 7. A large range of
study. The maximum error for any channel is values of n existed for the channels with the larger
27.5 percent at the lower turbulent unit discharge. values of 0'. Thus, anyone value of n a.'!sumed for
At the higher rate of discharge, errors in determin- these channels would be considerably in error at
ing depth are about half those at the lower rate. depths of flow other than that to which it applieH.

The error in using equations 16 and 32 for cal- These data illustrate the inadequacy of II. Hingle 1/
culating the hydraluic radii of parabolic channels value to characterize the resistance in II. Hlnll.ll,
was also investigated. The computation for rough channel.

i
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TABLE 6.-Error in calculating hydraulic radius oj TABLE 7.-Range oj measured Manning's n jor
parabolic channels jrom predicted x values turbulent flows

ASSUMING Q=0.0030 c.f.s. AND 8=0.001
Channel type and identifying letter n

Channel R, R, Error
measured predicted

Rectangular:
B 0.022-0.049

Feet Feet Percent C 010- .013
A 0.0349 0.0343 -1.7 D .016- .029
B .0225 .0220 -2.2 E .014- .021
C .0261 .0254 -2.7 F .019- .031
D .0209 .0220 +5.3 G , .016- .039
E .0348 .0305 -12.4 H .012- .017
F .0216 .0214 -0.9 1 .016- .032
G .0276 .0266 -3.6 K .012- .017

~ .018- .045
ASSUMING Q=0.350 c.f.s. AND 8=0.001 Parabolic:

A .019- .030
. B .011- .014

A .239 .236 -1.3 C .013- .018
,B :., .188 .185 -1.6 D .012- .014

C : , .204 .201 -1.5 E .011- .052
D .172 .178 +3.5 F , .011- .013
E ~ .230 .215 -6.5 G .015- .017
F .180 .179 -0.6
G .208 .204 -1.9

The maximum relative error in estimating flow
The error involved in assuming a constant value depth for .the recta~gular channels was .27..5

of n for a channel can be compared with the error per<?ent, usmg equatl0?S 16 and 32. ThIS IS
of the prediction equations. Assuming q and S equlyalent to an error m n of 46 percent. Now
known, taking logarithms of both sides of the consIder the range of observed n values. For s°!I1e
Manning equation (equation 2), and differentiating: of the rough cha.nnels one would have errors as hl~h

as 70 percent m n at low flow depths even If,
~-£ ~+! ~-~ through extreme ~ood fortune, the average value
q -3 d 2 S n for the range of dIscharges encountered had been

originally estimated correctly. Therefore, use of
If q and S are constant: measured roughness heights in conjunction with

equations 16 and 32 should produce resistance
~=~ ~ estimates having less error than the procedure
d 5 n currently in common use.

APPLICATIONS TO FIELD CONDITIONS

The equations for uniform flow over small earth and these values can be averaged to obtain the
channels in both the laminar and turbulent representative value for the channel.
regimes that were developed from the laboratory The same sections of the channel can be used to
studies reported in this bulletin might be applied measure the average longitudinal spacing, X".
to the calculation of flow parameters in irrigation The number of roughness crests divided into the
borders and furrows. It should be remembered, total length of the sections sampled will give
however, that the equations have not yet been the value of X". Some judgment must be used in
verified under field conditions. counting the roughness crests: crests too small or

Where channels have no vegetation, boundaries too low to contnbute materially to the flow re-
will be hydraulically rough for almost all laminar sistance should not be counted.
and turbulent flows. Therefore, the first step in Next, the regime of flow should be deterDlined.
analyzing such flow is to measure roughness height For two-dimensional flows, the Reynolds number
and spacing. The following procedure is suggested. can be calculated from known values of unit dis-

For the measurement of roughness height, six to charge and viscosity. Thus:
ten I-foot sections of the bed parallel to the direc-
tion of flow may be selected at random. Bed ~-Y!!=Re
elevations should be measured, with a precision of 11- II

0.001 foot, at 0.05-foot intervals relative to some
arbitrary datum. The value of 0' can be calculated For Reynolds numbers greater than 500, the tur-
by using equation 19 for each of the I-foot strips bulent flow equations (equations 16 and 32) should
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be used. For Reynolds numbers less than 500, Since Re<500, the flow is laminar. As-
the laminar flow equations (equations 26 or 27) suming that the boundary is rough enough to
are applicable. affect flow, calculate depth using equation 27:

If flows are in the laminar regime and it is as-
sumed that boundary roughness is gr~ enough to d- [7.5 X 103qJl( 0-

)J1/3
affect flow resistance (0-~2.58d/.JRe), normal - g.JS ~
depth can be calculated from equations 26 or 27.
Then: = [7.5X 103(0.005) (1.06X 10-6)(Q:Q!Q)JI/3

4 CYO
6 (0-) 32.2(0.0316) 0.20

6.0X10 0-. -
f= ~7I (26) =0.027 ft.

Re. and To check the roughness assumption use criterion
~7 5X103 ( ) 25. d-' qv ~ 27

- g.JS ~II ( ) ~=2.58(0.027)=0.OO32

. ..[i[e .J472
With this estimate of d, the criterion for boundary
roughness, defined by equation 25, can be checked: 0- >~

.JRe

0- ~ ~ for a rough boundary; Therefore, the boundary is hydraulically rough, as
assumed, and the calculated value of d is correct.

2 85d If the Reynolds number is greater than 500,
0-< r for a smooth boundary. (25) turbulent flow can be assumed to exist. For

Re irrigation borders or very wide channels, equation
.. .. 16 can be written in the form:

If the crIterIon does mdicate the channel to be
rough, the assumption is vindicated and the esti-
mate of d may be assumed to be correct. In the r:o8Qd3/2=6.06Iog d-6.06Iog X
event that the boundary is not rough, the flow -V go
depth may be calculated from equation 1, the
theoretical equation for laminar flow in a wide, where:
smooth, rectangular channel, rewritten in the x=12.90-1.66 (32)
following form:

_3 [3qv .From equati?ns 16 and 32, d can be found by
d--Vgs (1) trIal and error, If Q, 8 and 0- are known. To assure

that equation 16 is valid for the case being con-
The following sample calculation illustrates in sidered, the computed value of d can be inserted in

detail an analysis of flow in the laminar regime, criterion 31, where.JgdS is substituted for V.:
where it is assumed that the irrigation border is
hy.drau1!cally rough, that is, where 0-, the roughness ':jijdSo- .. heIght, IS great enough to cause head losses greater -;;- >6.0, for a rough boundary,

than the theoretical for laminar flow(o- ~ 2.58d/.JR"e) .
. .JUdS0- d. GIven: -<6.0, for a smooth boun ary.

v

Q=0.005 c.f.s./ft. The following sample calculation illustrates in
8=0.001 detail an analysis of flow in the turbulent regime,
0-=0.010 ft. where it is assumed that the irrigation border

~7I=0.20 ft. boundary is hydraulically rough.
T=70° }".

Given:
Solution:

Compute the Reynolds number: q=0.040 c.f.s./ft.
8=0.001

R =~=.ll= 0.005 =472 0-=0.010 ft.
e JI v 1.06X 10-6 T=70o F.
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Solution: Assume d=0.090 ft.

Compute the Reynolds number: d3/2 [6.06 log d-6.06Iog x]=0.190

R -q- 0.040 - 3 78 Assume d=0.098 ft.
e--- -- 0II 1.06X10-5 , d3/2 [6.06 log d-6.06Iog x ]=0.224

Since Re>500, turbulent flow exists. Assum- Th f d-O 098 fting that the boundary is hydraulically rough, ere ore, - . .
compute X using equation 32: Check criterion 31 the criterion for distin-,

x=12.90'1.66 guishing between rough and wavy boundaries.

=12.9(0.010)1,66 ~=~=~(0.098)(0.00iJ(0~=52.9
=0.00618 II II 1.06X 10-5

Compute depth by trial and error, using equa- Since ~ >6 the boundary is hydraulicallytion 16, which can be written as follows: II '
rough, as assumed.

q Calcult;ttio~ of the flow v.ariables for ~gation
~/2-6.06Iog d=-6.06Iog x furrows IS. slIghtly more dIfficult. EquatIon 16

g can be wrItten:
or:

~=d3/2[6.06Iog d-6.06Iog x] ~=6.06Iog R-6.06Iog x
VgS ..fiRS

For the left-hand side of the equation: The relationship between flow area and hydraulic
radius must be known either in graphical or

~=- 0.040==0.224 equation form, for the channel being considere~.{is .J32:2.JO:c:i51 Then for a given Q, S, and x, a value of R IS
assumed, V is calculated, and the value of A

For the right-hand side: determined. If these values satisfy Q=A V,
the assumption for R was correct. During the

Assume d=0.10 ft. laboratory testing of channel resistance, no runs
were made on parabolic channels with wavy

d3/2 [6.06 log d-6.06Iog x] or transitional boundaries. However, it is as-
=(0.10)3/2[6.06 log (0.10)-6.06 sumed that criterion 31 is valid for these channels

log (0.00618)]=0.234 as well as for the rectangular channels.

SUMMARY AND CONCLUSIONS
'fhe factors affecting flow resistance in irri- vations were made of dimensions of the bound.ary

gation borders and furrows are difficult to evalu- roughness elements, channel shapes, flow regime
ate, owing largely to the nonunifonnity of the over a wide range of flow rates, and the flow
roughness characteristics and to the wide parameters necessary for calculating flow re-
ranges in rate of water discharge and size of sistance coefficients. Flow resistance coefficients
roughness elements that occur. A review of then were empirically related to dimensions of the
literature revealed that past research has not boundary roughness elements. Analysis of th~
provided sufficient information on hydraulic experimental results leads to the following con-

resistance of these channels to allow for rational clusions.design of surface irrigation systems. Therefore, 1. Both laminar and turbulent flows can occur
a study of the hydraulics of simulated irrigation when flow rates and flow boundaries are similar to
borders and furrows was conducted in the labora- those of surface irrigation systems.
tory. 2. Critical Reynolds numbers for the transition

Small channels having boundaries formed of from laminar to turbulent flow are 500 fo~ rough
soil and chemically stabilized to prevent altera- boundaries and 700 for smoother 1?oundanes. A
tion of the roughness were fonned in a laboratory critical Reynolds number of 500 will probably be

flume. Rectangular' channels with smooth side- applicable to all wide irrigation channels.
walls and parabolic channels represented irri- 3. The following criterion can be used to deter-
gation borders a,nd furrows, respectively. Obser- mine the height of roughness such that flow
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resistance will be greater than the theoretical All surface irrigation channels would be expected
smooth boundary equation for laminar flow: to be hydraulically rough when flow is turbulent.

6. The resistance coefficient for turbulent,
2.58d hydraulically rough flows can be predicted for

0- ~ ~ (25) both wide rectangular and parabolic channels by
e the following equations:

4. The resistance coefficient for rough, laminar C -6 06 I R (16)
flow can be predicted by the following equation: :Jg-. og X

and
6.0X 10,so.5 ( ~) X= 12.90-1.66 (32)

j = R A" (26) 7. The variation in flow resistance caused by a
. e range of parabolic cross sections is negligible com-

pared to the effects of boundary roughness.
where 0- and A" are measures of the roughness 8. The magnitude of error involved in predicting
height and longitudinal spacing, respectively. resistance to flow using equations 16, 26, and 32 is

5. The transition from wavy to rough boundary small enough to allow practical application of the
conditions for turbulent flows occurs when equations. Larger errors would result from the

currently used procedure of estimating a single
~=6 value of Manning's n to represent a channel for all

II discharges.
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SYMBOLS
Symbol Dimensions Description Symbol Dimensions Description
a L-I Coefficient in equation for V. LT-I Shear velocity, ..JgRS:

parabolas. V k LT-I Velocity at a level corresponding
a L Constan.t in boundary regression to the tops of the roughness

equatIon. elements.
aw Hydraulic characteristic for wavy x L Horizontal coordinate for measur-

boundaries. ing cross section of parabolic

a, Hydraulic characteristic for rough channels.
boundaries. Xi L Distance from some datum at

a. Hydraulic characteristic for smooth which elevation y, is measured.
boundaries. Y L Depth of flow at center of para-

A Constant, defined where used. bolic channels.
A Lt Cross-sectional area. y L Distance from boundary.
b Constant. y L Channel elevation at distance x
B Constant. from center line of parabolic
c L Depth correction. channels.
C. LI/,T-I Resistance coefficient from Chezy y, L Individual bed elevation measure-

formula. ment.
d L Normal flow depth. P Channel shape factor.
f Resistance coefficient from Darcy- "y FL-I Unit weight of water.

Weisbach formula. a' L Thickness of laminar sublayer.
g LT-t Gravitational acceleration. . L Height of roughness necessary
k L Roughness height. for separation to occur in flow
k. L Diameter of equivalent sand grain through pipes.

roughness. . Channel shape factor.
n Resistance coefficient from Man- K von Karman universal turbulence

ning's equation. constant.
n Number of measurements or obser- A. L Average longitudinal spacing of

vations. roughness elements projecting
q VT-I Unit discharge. more than Iv above mean bed
Q LIT-I Total discharge. elevation.
r L Radius of circular pipe. >." L Average longitudinal spacing of
R L Hydraulic radius. all roughness-element crests.
Re Reynolds number, VR/". ,. FTL-t Absolute viscositf.
Rek Tip Reynolds number. "VT-I Kinematic viscosIty.
Rekc Value'of tip Reynolds number at v L Standard deviation of boundary

which separation occurs at the elevation measurements about
tops of the roughness elements the mean elevation j a descrip-
(the critical value). tion of roughness height.

S -' Slope. x L Resistance parameter from Sayre-
v LT-I Velocity of flow at distance y from Albertson equation; a parameter

the boundary. representing effects of both
V LT-I Mean flow velocity. roughness and channel shape.



APPENDIX

Figures 25 to 35 show the rectangular channels 36 to 42 show the parabolic channels (simulated
(simulated borders) constructed for this study. furrows) constructed.. .
(The roughness preparation for channel B, not Tables 8 to 11 summarIze the experImental data
shown, was similar to that of channel D.) Figures obtained.

k

~~~ ~~:;:;~ ,.
c.'.',~,j,, ~;'t "c "c

cc\.., .A

! c~ .\,,~ ""'~

c:';),. "\ ~~;;;,
:;"~~" ,~,

FIGURE 25.- Rectangular channel C. The boundary was FIGURE 27.- Rectangular channel E. The boundary was
troweled to produce the smoothest surface possible. roughened. A stream of water then formed small,

widely spaced ripples.

~
,, ~, -... ", ..-~~ -,:

~:,
~::'1,\

"IGURE 26.-Rectangular channel D. The boundary was FIGURE 28.-Rectan~u':1r ch:tllllt,i V. A 1:lr~". .'rc",i,'.'
roughened, then flooded with a nonerosive stream of stream of water W:I.'i II"I"! to r"rlll r.,I"ti,,'I,' I,'r,,~"
water before stabilization. ripples.

,.1:\
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f

FIGURE 29.-Rectangular channel G. The ripples are FIGURE 31.-Rectangular channel I. Small particles of
smaller than those in channel F. soil were sieved onto the screeded bound~ry surface to

form small, loosely spaced, very irregular roughness
elements.

~7-~~'" ~~=.-::;_.-:=. ,.."",.-

FIGURE 30.- Rectangular channel H. This boundary was FIGURE 32.- Rectangular channel K. After being rough-
stabilized in the condition existing after it was screeded. ened, this boundary was modified by a very low flow of
Small longitudinal grooves were formed by particles water.
catching on the edge of the screed.
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FIGURE 33.- Rectangular channel L. This boundary was FIGURE 35.- Rectangular channel N. After being rough-
troweled. It is very similar to rectangular channel C. ened, this boundary was sprayed lightly and uniformly

with a garden hose.

FIGURE 34.-Rectangular channel M. This boundary FIGURE 36.-Parabolic channel A. This channel was
was roughened in a regular pattern by making indenta- formed with a furrowing shovel. It should be very
tions with the end of a trowel. A low flow of water was similar to a newly formed furrow in the field.
used to smooth the indentations.
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FIGURE 37.-Parabolic channel B. This channel was FIGURE 39.-Parabolic channel D. Preparation of this
screeded to the desired shape and left with a sma.ll channel was similar to that of channel B.
degree of roughness.

FIGURE 38.- Parabolic channel C. After being screeded FIGURE 40.- Parabolic channel E. Preparation of this
this channel was roughened and then modified with a channel was similar to that of channel C. Channels
low flow of water. Channels Band C were the narrowest D and E were the widest and sha.llowest of the channels
and deepest of the channels studied. studied.



F
LO

W
 R

E
S

IS
T

A
N

C
E

 IN
 S

IM
U

LA
T

E
D

 IR
R

IG
A

T
IO

N
 B

O
R

D
E

R
S

 A
N

D
 F

U
R

R
O

W
S

 
47

F
IG

U
R

E
 41.-P

arabolic 
channel F

. 
P

reparation of 
this 

F
IG

U
R

E
 42.-P

arabolic 
channel G

. 
P

reparation of this
channel w

as sim
ilar to that of channel B

. 
channel w

as sim
ilar to that of channel C

.

T
A

B
LE

 8.-S
um

m
ary 

of m
easured data-rectangular 

T
A

B
LE

 8.-S
um

m
ary 

oj m
easured data-rectangular

channels 
channeZ

s-C
on 

tin lied
. 

.

C
hannel 

S
 

q 
d 

V
 

T
 

1IX
106 

C
hannel 

S
 

q 
d 

V
 

T
 

1IX
106

and run 
and run

~
 

-- 
---

F
t.al 

F
t.1 

F
t.al 

F
t.al 

F
t.1 

F
t.11

C
hannel B

: 
S

ec.IF
t. 

F
t. 

S
ec. 

of. 
S

ec. 
C

hannel 
D

: 
S

ec.IF
t. 

F
t. 

S
ec. 

of. 
S

ec.
1-B

 
1 

0.001 
0.0106 

0.0702 
0.151 

52 
1.37 

9-D
 

0005 
.2600 

.3430 
.756 

46 
1.51

2-B
 

.001 
.0225 

.0935 
.240 

48 
1.46 

lo-D
 

.0005 
.1650 

.2630 
.626 

46 
1.51

3-B
 

.001 
.0478 

.1320 
.360 

48 
1.46 

11-D
 

.0005 
.0895 

.1860 
.480 

48 
1.46

4-B
 

.001 
.0959 

.1850 
.517 

47 
1.49 

12-D
 

.0005 
.00335.040 

.0848 
52 

1.37
5-B

 
.001 

.1430 
.2240 

.636 
48 

1.46 
13-D

 
1 

.0005 
. 0069 

.0518 
. 133 

52 
1.37

6-B
 

1 
.001 

.2770 
.3310 

.834 
47 

1.49 
14-D

 
.0005 

.0490 
.1350 

.361 
45 

1.54
15-D

 1 
.0005 

.0240 
.0948 

.252 
45 

1.54
7-B

 
.005 

.0213 
.0640 

.332 
50 

1.41 
16-D

 
.0005 

.0128 
.0690 

.186 
46 

1.51
8-B

 
.005 

.0456 
.0878 

.519 
50 

1.41
9-B

 
.005 

.0943 
.1220 

.774 
52 

1.37 
17-D

 
.001 

.00119 
.025 

.0475 
53 

1.35
lo-B

 
.005 

.1660 
.1610 

1.030 
53 

1.35 
18-D

 
.001 

.00252.032 
.0789 

51 
1.39

11-B
 

.005 
.2770 

.2050 
1.330 

50 
1.41 

19-D
 

.001 
.122 

.186 
.654 

45 
1.54

C
hannel 

C
: 

2o-D
 

.001 
.0607 

.127 
.476 

44 
1.57

2-C
 

.005 
.0160 

.0237 
.684 

46 
1.51 

21-D
 

.001 
.0308 

.0904 
.340 

46 
1.51

3-C
 

.005 
.0331 

.0343 
.966 

45 
1.54 

22-D
I 

.001 
.0160 

.0666 
.239 

471.49
4-C

 
.005 

.0725 
.0532 

1.360 
42 

1.60 
23-D

 
1 

.001 
.00778.0500 

. 155 
49 

1.44
24-D

 
.001 

.00408.039 
.105 

50 
1.41

7-C
 

.001 
.0113 

.0328 
.345 

47 
1..49 

25-D
 

.001 
.514 

.414 
1.24 

47 
1.49

9-C
 

.001 
.0292 

.0538 
.541 

45 
1.54 

26-D
 

001 
.284 

.293 
.967 

48 
1.46

lo-C
 

.001 
.0560 

.0768 
.725 

46 
1.50

l1-C
 

.001 
.1030 

.1120 
.915 

45 
1.54 

27-D
 

.00474 
.00450 

.029 
.156 

57 
1.27

12-C
 

.001 
.1410 

.1350 
1.040 

45 
1.54 

28-D
 

1 
.00474 

.00949 
.0380 

.251 
56 

1.29
13-C

 
.001 

.2670 
.1980 

1.340 
47 

1.49 
29-D

 
1 

.00474 
.0186 

.0508 
.367 

51 
1.39

3O
-D

 
. 00474 

.0363 
.0664 

.547 
50 

1.41
16-C

 
.0005 

.0117 
.0396 

.294 
54 

1.33 
31-D

 
1 

.00474 
.0704 

.0908 
.774 

50 
1.41

18-C
 

.0005 
.0111 

.0380 
.291 

49 
1.44 

32-D
 

.00474 
.137 

.131 
1.05 

..,0 
1.41

19-C
 

.0005 
.0169 

..0482 
.350 

48 
1.46 

33-D
 

.00474 
.290 

.192 
1.,.,1 

50 
1.41

2o-C
 

.0005 
.0250 

.0626 
.399 

47 
1.49 

34-D
 

.00474 
.472 

.258 
1.83 

52 
1.37

21-C
 1 

.0005 
.0655 

.1160 
.564 

46 1.51 
C

hannel E:
22-C

I 
.0005 

.1230 
.1540 

.795 
45 

1.54 
l-E

 
.005 

.00624.0182 
.345 

60 
1.21

23-C
 

.0005 
.2580 

.2520 
1.020 

45 
1.54 

2-E
 

.005 
.0123 

.0260 
.473 

F
i71.27

24-C
 

.0005 
.4440 

.3660 
1.210 

45 
1.54 

3-E
I 

.005 
.02:J8 

.0355 
.678 

551.:JI

S
ee footnote 

at end of table, 
p. 49.

-
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TABLE 8.-Summary oj measured data-rectang'Ular TABLE 8.-Summary oj measured data-re:ctangular
channels-Con tinued channels-Con tin lied

. . .

Channel S q d V T vx105 Channel S q d V T IIx105
and run and run- -- - --

Ft.3! Ft.! Ft.'! Ft.3! Ft.! FU!
Channel E: Sec.!Ft. Ft. Sec. of. Sec. Channel H: Sec.!Ft. Ft. Sec. of. Sec.

4-E .005 .0506 .0540 .943 55 1.31 3-H .005 .0430 .0499 .862 60 1.21
5-E 1___,;_- .005 .102 .0780 1.31 55 1.31 4-H 1 .005 .122 .0856 1.43 60 1.21
6-E___",,_- .005 .202 .118 1.71 56 1.297-EI .005 .380 .179 2.13 57 1.27 6-H .001 .0105 .0312 .339 62 1.17
8-E 1 . 005 .596 .235 2.54 56 1.29 7-H 001 .0181 .0444 .409 61 1.19

'. 8-H .001 .0390 .0680 .573 61 1.19
9-E .001 .00236 .020 .118 58 1.25 9-H .001 .0776 .101 .769 60 1.21
10-E .001 .00530 .026 .204 58 1.25 11-H .001 .304 .236 1.30 611.19
11-E 1 .001 .0114.0388 .296 57 1.27 12-H 1 .001 .520 .349 1.50 61 1.19
12-E .001 .0299 .0664 .452 56 1.29
13-E .001 .0650 .101 .644 561.29 14-H .0005 .0112 .0408 .276 641.15
14-E 1 .001 . 140 . 172 .809 57 1.27 15-H ,;__. 0005 .0221 .0622 .356 63 1.16
15-E 1 - . 001 . 292 . 254 1. 15 57 1. 27 16-H - - .0005 .0439 .0905 .485 63 1.16
16-E .001 .538 .387 1.39 57 1.27 17-H .0005 .0878 .142 .622 62 1.17

18-H .0005 .172 .214 .807 62 1.17
17-E .0005 .00294.025 .118 58 1.25 19-H .0005 .360 .332 1.09 63 1.16
18-E .0005 .00530.031 .171 59 1.23 20-H 0005 .543 .436 1.25 63 1.16
19-E .0005 .0110 .0478 .231 58 1.25 Channell:
20-E .0005 ..0233 .0710 .328 581.25 1-1 .0005 .00146.023 .0634 681.09
21-E .0005 .0482 .106 .456 58 1.25 2-1 .0005 .00269 .032 .0842 68 1.09
22-E .0005.0640.126 .508 571.27 3-1 .0005 .00735.0496.148 681.09
23-E .0005 .127 .190 .671 57 1.27 4-1 .0005 .0151 .0701 .215 68 1.09
24-E .0005 .256 .290 .884 581.25 5-1 .0005 .0276 .0970 .285 681.09
25-EI .0005 .505 .458 1.10 58 1.25 6-1 .0005 .0585 .153 .383 68 1.09
26-E .0005 .00162.020 .081 63 1.15 7-1 .0005 .121 .225 .537 67 1.10

ChannelF: 8-1 .0005 .277 .354 .783 67 1.10
1-FI .0005.0179.0949 .191 591.23 9-1 .0005 .451 .465 .972 671.10
2-F 1 .0005 .0105 .0765 .139 59 1.23 10-1 0005.00092 .022 .0418 70 1.06
3-F .0005 .0430 .140 .310 57 1.27 11-1 .0005 .00301.031 .0971 70 1.06
4-F_-~~.-- .0005 .146 .260 .561 57 1.27 12-1 .0005 .00767.0494 .155 70 1.06
5-F___~:-- .0005 .0835 .196 .428 57 L27 13-1 .0005 .145 .245 .595 68 1.09
6-F .0005 .294 .391 .753 581.25

'. 21-11 .0001 .0158 .150 .105 69 1.07
7-FI ;_- .001 .0165 .0780 .214 59 1.23 22-1 .0001 .00124 .037 .0334 70 1.06
8-F .001 .0320 .102 .315 59 1.23 23-1 .0001 .00043 .022 .0194 68 1.09
9-F .001 .129 .204 .633 57 1.27 24-1 .0001 .00314 .048 .0654 70 1.06
100F .001 .254 .290 .877 57 1.27 25-11 .0001 .00596 .0610 .0979 70 1.06
II-F .001 .0675 .146 .466 57 1.27 26-11 .0001 .00702 .0760 .0927 69 1.07

Channel 0: 27-1 .0001 .0308 .181 .170 68 1.09
1-0 .0005 0.007500.0519 0.146 62 1.17 28-1 .0001 .0554 .249 .223 68 1.09
2-0__,, .0005 .0158 .0760 .208 62 1.17 29-1 .0001 .104 .342 .305 68 1.09
3-01 .0005 .0340 .102 .334 60 1.21 30-1 .0001 .187 .466 .401 68 1.09
4-0 .0005 .0686 .149 .462 60 1.21
5-01 .0005 .146 .237 .618 60 1.21 "31-1 .001 .00301 .028 .1074 69 1.07
6-01 .0005 .292 .349 .839 60 1.21 32-1 .001 .00618 .0379 .164 69 1.07
7-01-., .0005 .463 .468 .992 601.21 33-1 .001 .0147 .0571 .258 691.07

34-1 .001 .0336 .0864 .389 69 1.07
8-0__- --- .001 .00777.0441 .178 60 1.21 35-1---~.- .001 .0640 .127 .504 68 1.09
9-01_~=__- .001 .0167 .0605 .277 601.21 36-1 .001 .128 .187 .685 681.09
10-0f .001 .0331 .0829 .402 60 1.21 37-1 .001 .260 .277 .939 68 1.09
11-0 .001 .0686 .123 .560 60 1.21 38-11_~_,,- .001 .520 .421 1.24 681.09
12-0 .001 .142 .186 .768 59 1.23
13-01 .001 .270 .270 1.00 59 1.23 39-11 .005 .00606 .0269 .227 69 1.07
14-0 .001 .565 .427 1.32 59 1.23 40-11- .005 .0120 .0363 .333 69 1.07

41-1 I_~__- .005 .0236 .0493 .480 69 1.07
15-0 .005 .0101 .0355 .288 60 1.21 42-1 .005 .0500 .0706 .708 69 1.07
16-0 .005 .0224 .0495 .458 60 1.21 43-1 .005 .0970 .0980 .990 68 1.09
17-0 .005 .0435 .0664 .659 60 1.21 44-1- - - --- .005 .187 .141 1.33 68 1.09
18-0 .005 .0930 .0960 .973 60 1.21 Channel K:
19-0 .005 .187 .137 1.37 60 1.21 1-K .0001 . 0006E .019 .0356 60 1.21
20-0 .005 .368 .198 1.87 60 1.21 2-K .0001 .00197 .031 .0636 60 1.21
21-01 .005 .570 .262 2.18 60 1.22 3-K .0001 .00311 .032 .0972 59 1.23

Channel H: 4-K ~- .0001 . 0082C .062 . 132 59 1.23
1-HI .005 .0107 .0245 .438 611.19 5-K .0001 .00451 ~045 .1003 591.23
2-H .005 .0214 .0342 .629 60 1.21 6-K .0001 .00676 .055 .123 59 1.23

See footnote at end of table, page 49.
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'j' AHLE 8.-Summary oj measured date-rectangular TABLE 8.-Summary oj measured date-rectangular
channelS-Con tin ued channels-Continued

,

. Channel S q d V T vxl00 Channel S q d V T ..xl00
and run and run

. - - - --
Ft.a/ Ft./ Ft.a/ Ft.a/ Ft./ Ft.l/

Channel K: Sec./Ft. Ft. Sec. of. Sec. Channel L: Sec./Ft. Ft. Sec. of. Sec.
7-K .0001 .0143 .083 .172 58 1.25 34-L 001 .00595.0200 .2976 53 1.35
8-K ,__- .0001 .0246 .110 .223 56 1.29 35-L .001 .00608 .0195 .3126 54 1.33
9-K .0001 .0470 .154 .305 571.27 36-L .001 .00681.0210 .3251 53 1.35
la-K .0001 .100 .241 .416 57 1.27 37-L .001 .00818.0220 .3729 52 1.37
ll-K 1 .0001 .191 .365 .523 56 1.29 Channel M:
12-K 1 .0001 .315 .481 .656 56 1.29 3-M 001 .00702.0315 .2230 53 1.35

4-M .001 .00474 .0260 .1826 54 1.33
13-K 1 .0005 .0178 .054 .328 57 1.27 5-M .001 .00576.0290 .1985 54 1.33
14-KI .0005 .0289 .072 .402 56 1.29 6-M .001 .00106 .0160 .0663 56 1.29
15-KI .0005 .0500 .099 .505 571.27 7-M .001 .00095.0160 .0593 561.29
16-K .0005 .101 .155 .649 58 1.25 8-M__~-,_- .001 .00083 .0150 .0553 56 1.29
17-KI .0005 .174 .216 .806 58 1.25 9-M .001 .00122 .0165 .0742 56 1.29
18-K 1 .0005 .437 .396 1.10 58 1.25 la-M .001 .00347.0220 .1579 56 1.29
19-K .0005 .00145 .019 .0765 58 1.25 II-M .001 .00243 .0200 .1215 56 1.29
2a-K - - . 0005 . 00083 . 016 .052 58 1. 25
21-K .0005 .00252 .023 .1097 58 1.25 12-M .0005 .00198 .0235 .0844 50 1.41
22-K .0005 .00345 .025 .1379 58 1.25 13-M .0005 .00124 .0200 .0622 50 1.41
23-K .0005 .00449 .028 .1605 58 1.25 14-M .0005 .00267 .0255 .1048 50 1.41
24-K .0005 .00616 .032 .1930 58 1.25 15-M .0005 .00347 .0275 .1266 50 1.41

16-M .0005 .00590.0330 .1789 50 1.41
25-K .0003 .00064 .017 .0376 57 1.27 17-M .0005 .00428 .0285 .1578 52 1.37
26-K .0003 .00196 .023 .0852 57 1.27 18-M .0005 .00659 .0345 .1914 511.39
27-K .0003 .00219 .024 .0911 58 1.25 19-M .0005 .00816 .0395 .2069 51 1.39
28-K ~ .0003 .00154 .022 .0702 58 1.25
29-K .0003 .00114 .020 .0572 58 1.25 2a-M .0003 .00045 .0155 .0292 53 1.35
3a-K .0003 .00580 .036 .1612 58 1.25 21-M .0003 .00265 .0270 .0984 53 1.35
31-K .0003 .00693 .039 .1781 56 1.29 22-M .0003 .00104 .0215 .0483 53 1.35
32-K .0003 .00372 .029 .1281 56 1.29 23-M .0003 .00151.0230 .0655 53 1.35

Channel L: 24-M- - --- .0003 .00441.0320 . 1378 45 1.54
l-L .0001 .00178 .0360 .0496 56 1.29 25-M .0003 .00582 .0360 .1618 50 1.41
2-L .0001 .00229 .0315 .0727 56 1.29 26-M .0003 .00735 .0400 .1839 50 1.41
3-L .0001 .00637.0400 .1591 55 1.31 27-M .0003 .01020 .0485 .2105 50 1.41
4-L .0001 .00036.0185 .0199 56 1.29 Channel N:
5-L .0001 .00707.0225 .0312 56 1.29 3-N 1 .0003 .00715.0663 .107 54 1.33
6-L__~ .0001 .00463.0430 .1075 56 1.29 4-N .0003 .0108.0758 .142 54 1.33
7-L .0001 .00173.0280 .0620 54 1.33 5-N .0003 .0199 .104 .190 51 1.39
8-L .0001 .00924 .0545 .1697 54 1.33 6-NI .0003 .111 .258 .432 50 1.41
9-L .0001 .00688.0465 .1482 54 1.33 7-N .0003 .146 .280 .520 49 1.44
la-L .0001 .00556.0400 . 1388 54 1.33 8-N 1 .0003 .280. .425 .657 51 1.39

ll-L .0003 .00131.0185 .0709 54 1.33 9-N 1 .005 .0114 .0443 .256 53 1.35
12-L .0003 .00087.0145 .0599 54 1.33 la-N .005 .0244 .0593 .410 53 1.35
13-L .0003 .00276 .0225 .1225 52 1.37 II-N .005 .0576 .0882 .655 52 1.37
14-L .0003 .00436.0275 .1589 52 1. 37 12-~ .005 .0779 .102 .766 51 1.39
15-L .0003 .00617.0310 .1993 51 1.39 13-N .005 .109 .120 .908 51 1.39
16-L .0003 .00720.0320 .2253 51 1.39 14-N .005 .205 .. 166 1.23 51 1.39
17-L .0003 .00330 .0255 .1296 56 1.29 15-N .005 .353 .223 1.58 48 1.46
18-L .0003 .00746 .0335 .2230 51 1.39 16-N .005 .00950 .0372 0.255 50 1.41
19-L .0003 .01066.0390 .2730 51 1.39
2a-L .0003 .00978.0365 .2685 52 1.37 2a-N 001 .00842.0510 .165 52 1.37

21-N .001 .0189 .0733 .257 52 1.37
21-L .0005 .00091.0120 .0764 52 1.37 22-N .001 .0305 .0925 .330 50 1.41
22-L .0005 .00063 .0105 .0599 54 1.33 23-N .001 .0671 .143 .469 49 1.44
23-L .0005 .00479 .0240 .2000 52 1.37 24-N .001 .115 .190 .606 49 1.44
24-L .0005 .00325.0205 .159 52 1.37 25-N 1 .001 .219 .266 .820 50 1.41
25-L .0005 .00522.0240 .2173 52 1.37
26-L .0005 .00680 .0270 .2523 52 1.37 27-N .0005 .00810 .0588 .137 52 1.37
27-L .0005 .00735 .0280 .2626 52 1.37 28-N .0005 .0162 .0798 .203 52 1.37

29-N .0005 .0292 .111 .262 hO 1.41
28-L .001 .00062 .0085 .0725 54 1.33 3a-N .0005 .0661 .161 .411 50 1.41
29-L .001 .00208.0130 .1607 54 1.33 31-N 1 .000.5 .135 .258 .520 ()O 1.41
3a-L .001 .00096.0100 .0963 54 1.33 32-N 2 .0005 .267 .373 .714 hO 1.41
31-L .001 .00394 .0170 .2323 54 1.33 33-N .0005 .00720 .0638 .133 62 1.37
32-L .001 .00293.0150. 1961 54 1.33
33-L .001 .00503.0185 .2723 54 1.33 1 Data of questionable value, Bee pagc 10.
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TABLE 9.-Resistance coefficients and calculated TABLE 9.-Resistance coefficients and calculated
parameters-rectangular channels-Con tin oed parameters-rectangular channel8-con tin oed

Channel and n Cf';u J Re vfd Channel and n Cf';u J Re ,fd
run run

Channel H: Channel K:
4-HI .0143 12.2 .0546 10,100 .0284 13-KI .0143 11.1 .0610 1,390 .0990

14-KI .0144 11.8 .0534 2,240 .0743
6-H .0139 10.8 .0706 905.0779 15-K 1 .0141 12.6 .0454 3,940 .0540
7-H .0145 10.9 .0685 1,520 .0548 16-K .0147 13.0 .0406 8,050 .0346
8-H .0136 12.3 .0535 3,270 .0358 17-KI .0153 13.6 .0347 13,900 .0248
9-H .0133 13.5 .0440 6,410 .0241 18-KI .0163 13.7 .0298 34,800 .0135

11-H .0138 14.9 .0364 25,800 .0103 19-K .418 116 12-H 1 .0155 14.2 .0403 44,000 .00696 20-K .763 64 21-K .247 201 14-H .0143 10.7 .0691 980 .0596 22-K .168 276 15-H .0146 11.3 .0635 1,910 .0391 23-K .140 360 16-H .0138 12.7 .0495 3,780 .0269 24-K --~ .111 494 17-H .0145 13.0 .0473 7,550 .0171

18-H .0147 13.8 .0423 14,800 .0114 25-K .929 50 19-H .0147 14.9 .0362 31,200 .00732 26-K .245 154 20-H .0153 14.9 .0362 47,000 .00557 27-K .223 175 Channel I: . 28-K .345 124 1'-1 .737 134 29-K .473 92 2-1 .581 247 30-K .107 464 3-1 .0302 5.75 .240 674 .129 31-K .095 538 4-1 .0262 6.38 .196 1,380 .0910 32-K .137 288 5-1 .0245 7.22 .153 2,530 .0658 33-K .0143 11.3 .0626 1,190 .0940

6-1 .0248 7.70 .134 5,370 .0417 ChannelL:
7-1 ~-- ,0229 8.92 .100 11,000 .0284 1-L .377 138 8-1 .0213 10.7 .0694 25,200 .0180 2-L .153 178 9-1 .0205 11.2 .0638 41,100 .0137 3-L .041 487 10-1 1.62 87 4-L 1.20 28 ""'

98 ..-

11-1 .423 283 5-L .5 55 0. -'c

12-1 .0288 5.50 .264 721 .129 6-L .096 359 ';~';f~
13-1 .0219 9.46 .0890 13,400 .0260 7-L .188 131 ,",,;c:;a

8-L .049 695 ;",":i'~1
21-11 .0400 4.79 .346 1,470 .0426 9-L .054 518 ';;{~~
2223=11 1.85511 13196 10-L ~- .054 417 ?;'~.';7'

. '
24-1 .289 296 11-L .284 99 25-11 .0234 6.99 .163 563 .105 12-L --~ .312 65 26-11 .0288 5.94 .227 659 .0840 13-L .116 201 27-1 .0278 7.05 .160 2,820 .0353 14-L .084 319 -~ 28-1 .0264 7.88 .128 5,100 .0256 15-L .000 444 29-1 .0239 9.19 .0942 9,570 .0187 16-L .049 519 30-1 .0222 10.4 .0737 17,200 .0137 17-L ~- .117 256 j,~;i:

18-L .052 537 '1tc1!t/;.c:C31-1 .625 281 19-L .041 766 ~r" eo.,

32-1 .0326 4.72 .359 580 .168 20-L .039 715 33-1 .0270 6.03 .218 1,380 .112 .

34-1 .0236 7.39 .146 3,140 .0740 21-L .265 67 35-1 .0235 7.90 .128 5,870 .0502 22-L ..377 47 ,-~~

36-1 .0224 8.87 .101 11,700 .0341 23-L .077 350 ;:;~:;jf:'?;~
37-1 .0212 9.96 .0800 23,800 .0230 24-L .1()4 238 "',~;; i.:f~
38- 1 1 0214 10 7 0692 48 000 0152 25-L 005 38 1 ~i~"",,?%. .. ,. . ,""f!;~T!T7.,.26-L ()~~ 4n7 T""i"C""" ---"--- , .,., ,, -,;""_",,,"1
39-11 .0419 3.45 .671 571 .237 27-L ---'.-- . O,'i2 .'i37 ~'.
40-11 .0347 4.37 .416 1,130.176
41-11 .0294 5.40 .271 2,210 .130 28-L ': .416 46 42-1 .0255 6.61 .183 4,670 .0905 29-L .13() 1';7 .

43-1 .0225 7.86.129 8,900.0652 30-L , ,.,-- .27" 72 .--
44-1 .0214 8.80.103 17,200 .0453 31-L :-~~-- .11"1 21}7

Channel K: 32-L _.:.~,,-- .1111) 221 -,. '
1-K .385 56 33-L --~ -,; . (X14 :'171) .,
2-K -' .198 163 34-L ~-- --~'-~-- . II';" 441
3-K .087 253 35-L :.-~-- . 11';1 4r~" . , "

5-K .115 367 36-L -" ,,;:'-- ,lIr~1 fltMI J;i::~~?"~
9-K .0138 13.7 .0428 3,700 .0348 37-L ~:',--- "--'-- .(WI fl\lll c:;'~ Ij;C 10-K .0424 15.0 .0370 7,900 .0222 Channel M:" ;. ;'~':;
11 K I 14 2 1 147 M "v'. 11\' rll " "~ - 05 15. .0344 4,800 .0 3- ,J ...1 -- ~.:,,'.i-

1 ' " '." ' ."

12-K .0140 16.7 .0290 24,500 .0111 4-M ,-;O'ff-+! !":""'-- .211! oJ '>0 ... Jl~;"i~~
S f t te t d f t bl ' - ,.:, ,';J
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!

F !" TABLE lO.-Summary of measured data-parabolic chann~onti~ued .

Channel and ron 8 Q 1/ R A V T IIx105
~

(~hannel B: Ft.'/Sec. Ft. Ft. Ft.2 Ft./Sec. of. Ft.'/8ec.
I-B .0003 .00585 .061 .0402 .0220 .266 60 1.21
2-B .0003 .02037 .116 .0730 .0565 .361 56 1.29
3-B .0003 .0403 .154 .0960 .0870 .464 56 1.29
4-B .0003 .0647 .196 .118 .124 .522 56 1.29
5-B .0003 .0899 .234 . 139 . 161 .558 56 1.29
6-B .0003 .134 .279 .164 .210 .644 55 1.31
7-B .0003 .176 .314 .181 .251 .700 55 1.31

S-B .0005 .00727 .062 .0400 .0220 .330 60 1.21
9--B .0005 .0240 .108 .0676 .0500 .480 58 1.25
lo-B .0005 .0563 .161 .0969 .0900 .626 57 1.27
II-B .0005 .0916 .202 .121 .129 .710 56 1.29
12-B .0005 .149 .258 .151 .185 .803 56 1.29
13-B .0005 .226 .318 .182 .254 .891 56 1.29

14-B .001 .00673 .053 .0343 .0174 .387 60 1.21
15-B .001 .01697 .078 .0499 .0310 .548 58 1.25
16-B .001 .0301 .102 .0640 .0460 .654 56 1.29
17-B .001 .0728 .154 .0947 .0860 .847 56 1.29
IS-B .001 .132 .206 .123 .132 .996 56 1.29
19-B .001 .228 .265 .156 .194 1.178 56 1.29
20-B .001 .276 .295 .171 .228 1.211 55 1.31

21-B .005 .00721 .039 .0256 .0111 .653 59 1.23
22-B .005 .0197 .060 .0389 .0210 .940 59 1.23
23-B___~ .005 .0658 .103 .0659 .0475 1.386 57 1.27
24-B .005 . 1259 . 139 .0850 1.22 1.718 56 1.29
25-B ; .005 .231 .184 .112 1.28 2.063 56 1.29
26-B .005 .354 .224 .126 1.34 2.353 56 1.29

Channel C:
l-C .0003 .0076 .079 .0492 .0314 .248 62 1.17
2-C .0003 .0174 .118 .0739 .0574 .302 61 1.19
3-C .0003 .0331 .160 .0979 .0910 .364 60 1.21
4-C .0003 .0590 .213 .128 .140 .423 59 1.23
5-C .0003 .0816 .250 .147 .177 .460 58 1.25
6-C .0003 .1388 .299 .172 .232 .600 58 1.25
7-C .0003 .229 .396 .221 .355 .646 58 1.25

S-C .0005 .00692 .070 .0447 .0260 .266 60 1.21
9-C ~- .0005 .0296 . 133 .0829 .0688 .429 60 1.21
lo-C , .0005 .0583 .181 .110 .109 .534 59 1.23
ll-C .0005 .0924 .225 .134 .151 .612 59 1.23
12-C .0005 . 152 .277 . 161 .207 .734 58 1.25
13-C .0005 .234 .338 .192 .279 .839 58 1.25

14-C .001 .0204 .096 .0608 .0422 .483 59 1.2:3
15:-C .001 .0517 .149 .0917 .0816 .632 59 1.23
16-C .001 .0928 .197 .119 .124 .748 58 1.25
17-C .001 .158 .249 .148 .176 .897 58 1.25
lS-C .001 .290 .327 .187 .266 1.091 58 1.25
19-C .001 .409 .378 .211 .329 1.243 58 1.25

2o-C .005 .0189 .066 .0423 .0240 .790 60 1.21
21-C .005 .0571 .115 .0720 .0552 1.034 5\1 1.2:3
22-C .005 .100 .142 .0863 .0755 1.428 5\1 1.2:3
23-C .005 .235 .207 .124 .134 1.761 614 1.2f>
24-C .005 .391 .262 .153 .190 2.061 68 1.26

Channel D:
I-D .001 .00359 .037 .0245 .0151 .2314 62 I. Ii
2-D .001 .00744 .047 .0312 .0219 .340 62 1.17
3-D .001 .0135 .061 .0402 .0320 .422 60 1.21
4-D .001 .0374 .097 .0630 .0638 .5H6 611 1.21
5-D .001 .0775 .137 .0884 .108 .721 6X 1.2f.
6-D .001 .161 .188 .120 .172 . \)36 f,1i I. ~f,
7-D .001 .226 .226 .143 .227 .\)\)5 f,11 I,~:I
S-D .001 .3275 .262 .164 .2H4 1.15:3 61i I,V,

See footnote at end of table, page 54.

~
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TABLE IO.-Summary oj measured data-parabolic channelS-Continued" ;

. . , I I I

Channel and run S Q 11 R A V T ..x101

-
Channel D: Ft.3/Sec. Ft. Ft. FV Ft./Sec. OF. FV/Sec.

9-D .0005 .00650 .052 .0344 .0253 .257 64 1.15
10-D .0005 .0146 .078 .0540 .0462 .316 60 1.21
11-D ,-,--- .0005 .0328 .106 .0690 .0734 .446 60 1.21
12-D .0005 .0700 .148 .0953 .121 .578 60 1.21
13-D :: ; .0005 .1415 .222 .140 .222 .639 60 1.21
14-D ,-..; .0005 .234 .259 .162 .280 .836 60 1.21
15-D ,-,--- .0005 .383 .337 .208 .415 .926 60 1.21

Channel E:1-E ~~--~ .0005 .00353 .076 .0497 .0432 .0818 68 1.09
2-E ~--'-- .0005 .00566 .092 .0601 .0577 .0980 68 1.09
3-E ~ .0005 .0164 .126 .0813 .0926 .177 68 1.09
4-E ~_.. .0005 .0312 .154 .0984 .125 .250 62 1.17
5-E ~ .0005 .0746 .208 .132 .197 .380 61 1.19
6-E ~.:_~ .0005 .150 .282 .176 .310 .484 61 1.19
7-El :--. .0005 .412 .338 .207 .406 1.014 61 1.19

9-E .001 .00431 .071 .0475 .0394 .110 66 1.12
10-E l .001 .0127 .096 .0619 .0610 .209 66 1.12
11-E ~-~ .001 .0264 .124 .0800 .0900 .292 66 1.12
12-E ;.l_- .001 .0692 .178 .113 .155 .447 62 1.17
13-E ~-~ .001 .1462 .239 .150 .241 .607 62 1.17
14-E ~ .001 .238 .294 .181 .330 .721 62 1.17

Channel F:
1-F .001.00598 (3) (2) 2-F .001 .0168 (2) (2) 3-F================= .001 .0448 .118 .0751 .0675 .660 65 1.13

4-F .001 .1089 .171 .106 .116 .937 64 1.15
5-}' .001 .197 .225 .138 .177 1.116 64 1.15
6-F .001 .394 .319 .189 .298 1.321 65 1.13
7-F .001 .580 .398 .231 .417 1.544 :; 65 1.13

8-F ~ .00043 .00765 .065 .0421 .0273 .280 68 1.09
9-F ~ .00043 .01955 .092 .0624 .0463 .422 66 1.12
10-F .00043 .0420 .136 .0859 .0830 .506 65 1.13
11-F .00043 .0926 .195 .121 .143 .648 64 1.15
12-F .00043 .1852 .273 .164 .236 .784 64 1.15
13-F .00043 .593 .479 .271 .550 1.077 65 1.13

Channel G:
1-G .00043 .00428 (2) (2) 2-G .00043 .00855 (2) (2) 3-G .00043 .021 (2) (2) 4-G .00043 .0431 .158 .0991 .106 .408 67 1.10

5-G .00043 .0856 .214 .131 .166 .516 65 1.13
6-G .00043 .167 .303 .180 .278 .600 65 1.t3
7-G-__~ .00043 .234 .350 .206 .346 .676 65 1. 3
8-G .00043 .374 .449 .256 .503 .744 66 1.12

9-G .001.00503 (2) (2) 10-6 .001 .0127 (2) (2) 11-G .001 - --- (2) (2) 12-G================ .001 ~O694 .182 .113 .130 .534 66 1.12

13-G .001 .1426 .233 .142 .188 .760 66 1.12
14-G .001 .238 .302 .180 .277 .860 66 1.12
15-G .001 .480 .413 .238 .444 1.082 66 1.12

I I ' ,.
J Data of questionable value; see page 10. "

2 Nonuniform flow.
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TABLE 11.-Re8istance co~flicient8 and calculated
parameters-parabolic c"hannel8-Continued

.

Channel and n CI";, I Re viR
run

Channel G:
I-G (I) (I) 2-G (I) (I) 3-G (I) (I) 4-G .0161 11.0 .0612 '3,680 .0440

5-G .0155 12.1 .0511 6,000 .0333
6-G .0164 12.0 .0517 9,550 .0242
7-G .0159 12.7 .0460 12,330 .0212
8-G .0167 12.5 .0479 17,000 .0170

9-G (I) (I) lo-G (I) (I) II-G (I) (I) 12-G .0206 8. 9 .102 5,390.0386

13-G .0168 11.2 .0632 9,640 .0307
14-G .0174 11.3 .0626 13,830 .0242
15-G .0167 12.4 .0524 23,000 .0183

1 Data of questionable value; see page 10.
2 Nonuniform flow.

u.s. GOVERNMENT PRINTING OFFICE: 1965 0-771-814




